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Abstract
Plastic pipeline systems have now become dominant for fuel-gas and water dis-
tribution networks. Although they have an impressive service record failures do
occur, with Rapid Crack Propagation being characterised as the least probable but
most potentially catastrophic one. This study investigates the effect of structural
morphology and bulk residual strains on the RCP performance of polyethylene
pipes, and proposes a new methodology for predicting a safe service envelope.
During crack propagation in PE pipes, the fracture surface has two distinct regions;
plane strain and plane stress. In addition to the Instrumented Charpy, Reversed
Charpy, High Speed Double Torsion, Dynamic Mechanical Analysis and uniaxial
tensile testing, S4 tests of extruded pipe specimens were employed in order to
evaluate the structural and fracture parameters of pipe grade resins in these two
fracture modes on pipe. A new experimental technique, which modified the pipe
bore crystallinity without altering the residual strain field (as evaluated from slit
ring tests) showed that the bore surface layer properties had much less influence
on RCP than previously thought. Parallel with the experimental work, modeling
of the fracture mechanisms was also undertaken. Using previous models in the
field, such as the adiabatic decohesion model, the plane strain fracture toughness
was evaluated while the plane stress fracture toughness was evaluated either from
the Reversed Charpy or from the stability of adiabatic drawing in a tensile test.
A mixed mode, temperature sensitive toughness was finally evaluated, leading to
an overall fracture properties assessment for polyethylene pipes which could be
compared directly to the crack driving force during RCP in pipe. By employing a
new mathematical approach, which incorporated both the effects of residual strains
and pipe stiffness behind the pressure decay length, a previous basic analytical
RCP model was further developed and compared to more elaborate finite element
and finite volume solutions. The new results were also compared to S4 experiments
using high-speed photography and showed that the new methodology could be
employed by the end user even when testing facilities are not directly available.
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Nomenclature
a : Crack length, pipe inner radius
a˙ : Crack velocity
A : Area, outflow area
A0 : Initial specimen area
b : pipe outer radius
B : Specimen thickness
co : Speed of sound
cp : Specific heat capacity
CL : Longitudinal wave speed
CS : Shear wave speed
CT : Torsional wave speed
C : Specimen compliance, scaling factor
D : Pipe diameter
Dres∞ : Pipe relaxed diameter
Dres0 : Pipe reduced diameter during RCP
es : Pipe surface strain
E : Young’s modulus
ED : Dynamic Young’s modulus
E∞ : Long term (creep) modulus
F : Force
G : Crack driving force, energy release rate
Gc : Crack initiation energy
GD : Dynamic fracture resistance
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G1D : Plane strain fracture resistance
G2D : Plane stress fracture resistance
Gp : Strain hardening modulus
k : Thermal conductivity
l : Specimen ligament
la : Lamella thickness (amorphous region)
lc : Lamella thickness (crystalline region)
lf : Final specimen length
li : Instantaneous specimen length
l0 : Initial specimen length
L : Outflow or decompression length
L0 : Longitudinal modulus
m : Mass, normalised foundation stiffness
M : Bending moment
Mw : Molecular weight
p0 : Initial line gauge pressure
p1 : Crack tip pressure
pz : RCP pressure distribution
Pc : Critical pressure
pRES : Residual strains expressed as equivalent dimensionless pressure
PRS : Residual strains equivalent pressure to line pressure ratio
Q : Heat flux
rp : Irwin plastic zone size
R : Gas constant
Ri : Axial strip radius
Rmean : Pipe mean radius
s : Plane stress zone thickness, Reversed Charpy ligament
s¯w : Chain contour length
S : Specimen span size
t : Pipe thickness, time
T : Specimen temperature
Nomenclature 15
TBT : Brittle-tough transition temperature
Tc : Critical temperature
Tdisch : Pressure discharge time
Tfl : Ultrasound pulse flight time
TM : Melting temperature
T 0M : Infinitely thick crystal melting temperature
u : Crack opening, beam deflection
u∗ : Normalised crack opening
U : Internal energy
U1 : External work, energy input
U2 : Dissipated energy
U3 : Stored energy
U4 : Kinetic energy
v : Poisson’s ratio
v˙ : Load point impact speed
V : Volume
V ∗ : Activation volume
W : Specimen width, depth
we : Essential work of fracture
wp : Non-essential (plastic) work of fracture
Wf : Work of fracture
Yp : Extrapolated yield stress
z : Axial length from crack tip opening
Greek Symbols
α : Normalised crack speed
β : Thermomechanical conversion factor
βc : Adiabatic drawing stability
γ : Specific heat ratio of gas
∆Hf : Latent heat of fusion, enthalpy
∆H0f : Latent heat of fusion for infinitely thick crystal
Nomenclature 16
∆Q : Generated heat
 : Engineering strain
t : True strain
˙y : Strain rate
˙0 : Reference strain rate
ζ : Normalised axial length from crack tip opening
θ : Angular coordinate
κ : Thermal diffusivity
λ : Normalised outflow length, axial extension ratio
λ0 : Natural draw ratio
µ0 : Shear modulus
σ : Stephan-Boltzmann constant
σe : Surface free energy
σn : Nominal yield stress
σs : Nominal shear stress
σt : True stress
σv : Von-Mises equivalent stress
σy : Nominal yield stress
ρ : Material density
ρa : Material density (amorphous region)
ρc : Material density (crystalline region)
Φ : Calibration factor used in Charpy impact energy calculations
χc : Crystallinity fraction
Chapter 1
Introduction
1.1 Evolution of Polymers
Man-made polymers have a rather short history since they only began to appear
in the late 1850s along with the discovery of the process of refining kerosene from
coal. With the advances in organic chemistry at the beginning of the 20th century
and the explosive growth of the oil industry, due to the need of fuel for inter-
nal combustion engines, they started appearing more in industrial design. After
World War II and the technology transfer between countries, their adoption in-
creased dramatically leading to a dominant place nowadays in everyday products.
Their excellent toughness along with their resistance to corrosion and competitive
manufacturing process led to their extensive use in various fields, even replacing
steel in previously monopolized areas such as offshore and mainland pipelines.
The polyethylene (PE) plastic pipeline system for fluid distribution was introduced
into Europe in the late 1960s and since then PE has become the overwhelming
material of choice, due to its high toughness and flexibility. Currently new urban
networks of low operating pressures (up to 5 bar), both for water and for natural
gas distribution, are mostly using PE, leading to a worldwide production of 14
million tons in 2006 and an estimate of 18 million tons for 2010. Although their
service record is outstanding, failures do occur, mostly due to unforeseen outside
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factors and not to inherent material flaws. The most common failure mode is
slow crack growth (SCG), but rapid crack propagation (RCP) - although hardly
ever seen in service - is of equal concern due to its potentially more damaging
consequences.
1.2 Rapid crack propagation in pipelines
Rapid Crack Propagation (RCP) is characterized by a long crack extending axially
along the pipe length at high speed (typically exceeding 100 m/sec). Rapid escape
of compressed gas during such a failure has great destructive potential, and this
danger has prompted detailed research in the field. Since installation processes
cannot guarantee to prevent impact crack initiation by contact between the ser-
vice pipe and excavation equipment, it is impossible to guarantee avoidance of
catastrophic failures except by designing pipes from materials that are RCP re-
sistant. However, in order to evaluate the performance of a pipe grade in RCP
resistance, both the material preparation (i.e. extrusion and transportation) and
the test itself are extremely costly. This has led to the investigation of laboratory
techniques for the evaluation of the material properties.
1.3 Scope of the project
This project had two main aims concerning the resistance of polyethylene pipe to
rapid crack propagation, and its modelling. The first was the determination of
the fracture parameters and characteristics that can be evaluated using various
laboratory methodologies. These include testing of pipe specimens, impact frac-
ture toughness tests using batch samples made from either moulded plaques or
extruded pipe material, differential scanning calorimetry (DSC), split ring tests
for the evaluation of manufacturing residual strains, tensile drawing tests and
elastic modulus determination using ultrasound techniques along with two novel
experimental methods carried out on pipe specimens.
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The second aim was to correlate these parameters to their effects on RCP perfor-
mance using a newly developed fracture mechanics model that can predict whether
a material is tough enough for a pipe extruded from it to withstand RCP. This
model interpreted the experimental results that have been previously obtained in
terms of material properties and fracture mechanics properties as a total fracture
resistance which could be correlated with the crack driving force during fracture
propagation.
1.4 Thesis Outline
• Chapter 2 reviews the molecular structure, designation and service require-
ments of PE grade for pipe. It then describes the procedure and main points
of the Full Scale and S4 test configuration, and presents results from testing
of pipe specimens during this project. The tests were carried out on several
grades of varying structural properties, extrusion speed, comonomer type,
molecular weight and melt flow index. The effect on critical pressure of pipe
size and testing temperature, along with structural parameters such as pipe
wall crystallinity and carbon black additives, have also been investigated.
• Chapter 3 presents the fracture mechanics principles behind RCP. It shows
the effect of crack speed on crack driving force by comparing previous and
current models of rapid crack propagation. Also a brief description is given
of the modelling of fluid discharge during crack extension, and of the physical
model that is used during this study.
• Chapter 4 introduces the analysis and modelling of the plane strain dynamic
crack resistance for polyethylene resins. All of the methods and procedures
employed in this project are presented, along with experimental results and
their correlation with theoretical models. Crack initiation energies are deter-
mined, using the ISO 17281 impact bend test, along with their dependence
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on testing temperature as well as the brittle to tough transition tempera-
ture. The dynamic modulus is also evaluated using DMTA and ultrasound
techniques.
• Chapter 5 concerns the plane stress dynamic fracture resistance of polyethy-
lene and the effect that temperature and cooling rate have on it. By using
a non-standardised laboratory methodology like the Reversed Charpy test,
a good material index is presented and by following the work of previous
researchers in the field, a correlation between the results obtained from this
method and those from uniaxial tests is established. Also material structural
parameters are compared in order to evaluate the difference between batch
samples and pipe specimens.
• Chapter 6 uses the results and findings of the previous chapters to evaluate
the composite dynamic crack resistance of various pipe grades. By com-
paring this to the crack driving force determined using the physical model,
an approximate S4 transition temperature can be extracted and a complete
critical pressure vs temperature curve can be predicted. This chapter shows
the applicability of the method, both from the material modelling side and
from that of the crack driving force.
• Chapter 7 describes the effect of residual strains on impact crack initiation
and RCP. A new experimental technique which demonstrates the definite
effect of residual strains on RCP is also introduced.
• Chapter 8 gives a more detailed description of the basic physical RCP model,
by employing new mathematical approaches that can improve its overall ac-
curacy. Experimental observation of S4 tests employing a high speed camera,
confirm the dominance of pipe-closing stiffness on the crack opening profile
and validate its modelling by a method which can also address the effect of
residual strains.
• Chapter 9 presents the next steps and future work suggestions in the field,
along with the conclusions of the current work.
Chapter 2
Rapid Crack Propagation in PE
pipe
2.1 Polyethylene Pipeline Systems
Polyethylene plastic pipeline systems for distributing natural gas were introduced
into Europe in the late 1960s. Since then PE has become the overwhelming ma-
terial of choice, with a market share of greater than 90% for newly installed gas
pipes in the distribution network during 2008. PE overcomes a major design issue
associated with all metal pipelines over the ages: corrosion, and so PE provides a
significant cost cutting advantage for pipeline engineers.
High flexibility allows long lengths of PE pipe to be easily transported (in the
forms of reels) and installed, which eliminates a considerable number of joints
from the finished pipeline. A lower modulus (less than 1 GPa at normal strain
rates) allows deformations-strains of up to 20% to be tolerated without any drop
in load bearing capacity.
The designations PE80 and PE100 are based on the long-term strength of the re-
spective materials, known as the minimum required strength (MRS) in accordance
with ISO 12162. The designations are shown in Table 2.1.
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Table 2.1: PE material Designations
Material Designation Minimum Required Strength (MRS) in MPa
PE 100 10.0
PE 80 8.0
The MRS is determined by regression analysis, in accordance with ISO 9080, on
failure data from long-term pressure tests. The data are extrapolated to predict
the minimum strength at 20°C and at the specified 50 year design lifetime [1].
Before the adoption of international standards (CEN, ISO), PE pipe materials
were more commonly designated by their density within the range associated with
PE i.e. Low Density PE (LDPE), Medium Density PE (MDPE) and High Density
PE (HDPE). The reference to density gave an indication of the material strength.
For example HDPE pipe had a higher long-term strength or minimum required
strength (MRS) than LDPE. But this gave no indication as to other long-term
properties, such as slow crack growth, or resistance to rapid crack propagation [2].
MDPE was designed in the 1970s specifically for gas pipelines. “Further devel-
opments in the 1990s saw the introduction of a higher strength, higher toughness
PE. As the density of the polymer was in the same range as traditional HDPE
confusion arose when describing or specifying the product. A short-term solution
was to describe the new PE as High Performance Polyethylene (HPPE). However
with the introduction of the CEN and further development of the ISO standards
the new improved PE was designated as PE 100” [2]. National standards were
subsequently developed to include not only strength requirements but also tough-
ness requirements in relation to slow crack growth and RCP. Those first standards
served as a preliminary model of the current international standards and the des-
ignations of PE80 and PE100, which classify the materials for their MRS, which
also nowadays normally serves as a distinction for their molecular structure as
well.
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2.2 Structure of Polyethylene
Polyethylene is a petroleum based hydrocarbon produced by the polymerisation
of ethylene. Ethylene gas is heated under pressure and single units (monomers)
of ethylene (-[C2H4]-) are chemically linked to each other in a catalyst-initiated
reaction. A polymer chain molecule is produced with a length or molecular weight
dependant on the number of ethylene units polymerised. For pipe grade PE ma-
terials, the repeated CH2 chain structure is usually modified, and it is generally
accepted that recent pipe grade materials (PE80, PE100, PE120 and PEX) are
branched copolymers, with foreign monomers grafted onto their main ethylene
chains during polymerisation.
At constant molecular weight, the degree of chain branching is an immediate index
of the material’s density and crystallinity. The higher the ratio of branching, the
lower the density of the polymer, since the branch points cannot be absorbed into
crystallites. Typically the polymerisation process affects both the number and
length of the branches, with pressure and catalyst being the dominant factors.
Low density PE (LDPE) is synthesised under high pressures and temperatures,
using initiators (e.g. benzoyl peroxide) leading to a softer material with short
chain branching (Fig. 2.1), lower melting temperature and lower density. On the
other hand, high density PE (HDPE) is made at relatively low temperatures and
pressures using special catalysts (e.g. Ziegler-Natta catalysts) which produce an
almost unbranched polymer, that is much harder and more crystalline than LDPE.
Some reports suggest that branching exists in HDPE [3], but with increased molec-
ular weight chain branches, thus the density as well as the melting temperature is
higher than LDPE [4, 5, 6].
All these suggest that the size and number as well as the type of the branches
(long or short) can greatly affect the mechanical properties of the final resin, such
as tensile strength, draw ratio, impact fracture toughness and stiffness.
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Figure 2.1: Chain morphology for polyethylene [3]
2.2.1 Molecular Weight
The molecular weight of a thermoplastic describes the chain length of the polymer
and has an immediate connection to its mechanical properties. Although the
initiator-catalyst starts the polymerisation it cannot determine an exact final chain
length. So, the molecules differ greatly in size, leading to a distribution of low,
medium and high molecular weight chains. The molecular weight is then expressed
as an average value with the weight average being the most commonly used:
Mw =
n∑
i=k
NiM
2
i
n∑
i=k
NiMi
(2.1)
where Ni is the number of molecules with a molecular weight of Mi.
It can be seen from Figure 2.2, that the Mw distribution differs between PE80
and PE100 resins and that can even vary within the same family (narrow or broad
distribution). In a typical PE80, the low Mw fraction contains higher branching
and with increasingMw the branching disappears. Although a narrow distribution
leads to a higher and more uniform rate of crystallisation, a broader range makes
the resin tougher in impact loading and easier to process [7]. Materials with one
single peak in their distribution are designated as unimodal, in comparison with
PE100 which, due to its two stage polymerisation process, has two peaks in theMw
distribution (MWD), thus being designated as a bimodal polyethylene. Bimodal
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materials exhibit higher creep strength and stiffness as well as a high resistance to
slow crack growth [8].
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Figure 2.2: Molecular weight distribution for a unimodal PE80 and a bimodal
PE100 [9]
The importance of a two peak MWD lies in the advantages of short and long chain
branching. Short chain branches increase the processability and impact fracture
toughness of the material just as they do for PE80, while long chains at higher
molecular weight fractions provide the tie molecules which pass through the amor-
phous regions and hold the crystalline sections together (Fig. 2.3). There have
been various suggestions [5, 8, 10] that these entanglements and tie molecules act
as energy dissipation mechanisms, leading to a tougher polymer during crack ini-
tiation and craze formation. Typical values of molecular weight for the crystalline
region are from 180 to 200 kg/mol and about 0.8 to 0.9 kg/mol for the amorphous
region.
2.2.2 Crystal Formation in PE
Polyethylene is a semi-crystalline polymer. That means it consists both of highly
ordered and packed crystalline areas and of amorphous regions, that are entangled
together along with the inter-crystaline links (Fig. 2.5). Although perfect 100%
crystals are possible to prepare using solid-state polymerisation [10] , actual com-
mercial resins have crystal density lower than that of a perfect structured polymer.
Solution-grown single crystals have been studied extensively, with PE being the
easiest to prepare. This method leads to a single plate like (lamellar) crystal with
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Figure 2.3: Polyethylene molecular structure
a typical thickness (lc) of 10 µm. The chains are folded together following a prism
shape manner (Fig. 2.4), with sharp interfaces easily distinguishable by electron
micrography. However density measurements showed that a thin amorphous re-
gion (la) still exists, adjacent to the fold surfaces.
Figure 2.4: Schematic of PE
chain folding [11]
lc
la
la
Figure 2.5: Crystalline and
amorphous region
Typical film and pipe production techniques involve the use of extrusion dies, hav-
ing polymer granules as the raw material. Under high temperatures and pressures
the granules melt and with the aid of a driving screw, form a homogenous mixture.
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The final product is attained after cooling and crystallisation from a high viscos-
ity melt, which produces a characteristic polar shape of about 10µm in diameter,
known as spherulites. As the melt temperature decreases, they form by nucleation
at random points, extending radially (Fig. 2.6) [7]. As the radial chains increase
in size and start to form crystallite structure in lamellar form, they stop only
when impingement of adjacent spherulites occurs [5, 6]. However, the creationReview of Polyethylene Structure 30
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Figure 2.9: Polymer crystalline spherulite [2] 
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Figure 2.10: Stages of spherulitic growth during melt crystallisation of PE [3]
degree of order and this makes it more difficult for a fully developed spherulite to
appear when compared with HDPE [2].
To sum up, although spherulitic growth can be developed in some PE 100 under
slow cooling conditions, it can be said that in most of the materials studied so far,
spherulites did not appear and when they did it was under slow cooling conditions.
Transferring the argument to the pipes, and taking in to account that especially
in small diameter pipes cooling is relatively quick, it can be concluded that the
possibility of finding spherulites is even smaller. Only in large diameter pipes,
Figure 2.6: Polymer crystalline spherulite [12]
of spherulites in PE100 is suppressed due to high molecular weight. The longer
chain branches and entanglements, resist movement and any form of order. The
size suppression of spherulites is more obvious in extruded pipe grades, where the
fast surface cooling decreases their development. Spherulites are, however, seen
in higher diameter and larger wall thickness pipes, where the difference of cooling
rate of the outside surfaces, leaves the middle pipe wall section to reach ambi-
ent temperature with a slower rate, thus increased crystalline formation occurs in
those areas.
2.2.3 Crystallinity measurement
The mass fraction of crystals in a polymer is termed the degree of crystallinity (χc).
Crystallinity is highly influenced by the molecular weight, branch content, cooling
rate, temperature and chain configuration of the polymer. Typical mechanical
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properties of the resins, such as yield stress, Young’s modulus, draw ratio, brittle
to tough transition temperature and impact fracture resistance are closely related
to χc with an almost linear relationship [13, 14, 15] .
Since crystallinity is closely related to the crystal formation, PE100 generally has
higher χc than PE80, mostly because it is bimodal: the low molecular weight frac-
tions crystallise more rapidly and grow more crystals than higher weight fractions.
It becomes apparent that the measurement of crystallinity percentage is essential,
and this is why various methods have been developed over the years. Amongst
the most commonly used are X-ray scattering (WAXS and SAXS) and differential
scanning calorimetry (DSC). DSC is the most commonly used and has been proven
to be a very accurate and relatively simple method to acquire the crystallinity
percentage of a polymer. It is based on measuring the enthalpy of fusion when
the semi-crystalline polymer experiences phase change. When that process occurs
heat is either released (solidification case) or absorbed (melting case). Measuring
the quantity of heat for a known weight sample allows the enthalpy of fusion to
be deduced.
The experimental apparatus consists of two aluminium pans in separate, identical
ovens, one of them containing the investigated material and the other one kept
empty thus serving as a reference. As the temperature increases, the specimen
reaches its melting point. Only a small amount of energy is enough to melt the
crystalline phase thus the enthalpy of fusion can be measured for the specific mass
that the specimen has. That energy is compared to a 100% crystalline specimen,
so a percentage of crystallinity can be determined.
For the purposes of this project, the DSC method was chosen and samples of both
moulded specimens and extruded pipe were tested extensively. Pipe specimens
have a higher through-thickness crystallinity gradient, due to water spray surface
cooling during extrusion process, than compression moulded specimens which have
a more uniform cooling rate.
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2.3 Service failure types
The materials for the plastic pipeline industry have been constantly evolving and
a significant amount of research is directed towards upgrading material properties.
In order to maintain the current high standards of safe operation, an understanding
of all possible failure mechanisms in plastic pipes is essential. Failure in service can
occur when the capabilities of a pipe are exceeded in terms of toughness, strength,
stiffness or chemical resistance [2]. These terms are commonly understood as:
Strength: Strength is the ability of the pipe to withstand deformation. Defor-
mation can be applied by a number of different factors such as fluid pressure,
temperature, ground movement and loading, external water table etc. Stiffness on
the other hand is referred to the material’s ability to resist deflection and is directly
related to the modulus of elasticity and the second moment of inertia of the pipe’s
cross section. The stresses imposed on a buried PE pipe, either from the surround-
ing material (backfill) or the contained medium itself are continually relaxing and
reach an equilibrium condition where a constant strain is imposed. Underground
pipeline systems can normally withstand ground movement without problem as it
was recently seen during the 1995 Kobe earthquake in Japan. When the design
parameters are exceeded beyond the safety factor limits due to excessive loading,
extreme temperatures etc., then service failure can occur with catastrophic results.
Toughness: Toughness is the ability of the pipe to withstand fracture. Depending
on the type of initiation and propagation, fractures can subsequently be divided
into slow crack growth (SCG) and rapid crack propagation (RCP). Slow crack
growth can occur if the pipe is subject to continuous bending forces as a result
of, for example, ground movement or poorly designed pipeline routes. In order
to achieve RCP in a pipe, a combination of factors has to apply. These include,
over-pressurisation, low temperatures and third party impact damage. National
and International standards include tests to determine the pipes resistance to
both of these fracture mechanisms (Table 2.2). Design procedures and service
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requirements are followed closely to ensure that fracture does not occur in normal
operation. The exceptional track record of a much lower incidence of failures in
PE systems than in PVC, underlines the durability and toughness of the material.
Table 2.2: Service Requirements for PE pipes depending on their maximum
operating pressure (MOP) [2]
Property Test Method CEN/ISO Standard re-
quirements
Creep Rupture Strength Pressure test at 20°C
and 12.4 MPa
100 h
Stress Crack Resistance Pipe notch test at 80°C
and 9.2 bar
165 h
Resistance to RCP S4 Test at 0°C Pc>(MOP/2.4)−(13/18)
2.4 Rapid crack propagation in PE pipe
RCP describes a crack extending along a PE pipeline for long distances, at speeds
of up to 300 m/s. Since the early 1980s RCP events have been extremely rare
while none of them occurred in the UK. Rapid crack propagation was identified as
a potentially catastrophic failure mode in high-pressure pipelines about 40 years
ago. Impact testing of these pipes revealed crack initiation to be difficult, but once
achieved, uncontrolled crack propagation could be sustained at lower pressures
than those recommended from slow crack growth tests.
The most likely source of crack initiation in pipelines is the fracture of a defective
butt-fusion weld which is associated with the SCG failure mode. Although pre-
ventive technology in this area continues to develop, research into RCP is likely to
remain a major safety issue in pipeline design. It is generally understood [16, 17]
that crack initiation cannot be prevented completely given the exposure of the
pipe wall to all kinds of crack initiation hazards including excavation equipment,
poorly levelled pipe bed, surrounding materials, stones etc.. Thus better RCP
performance materials should be adopted by pipe grade material manufacturers.
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The International Organization for Standardization decided in 1979 to include a
RCP test in the future standard for gas pipelines.
2.5 Full scale RCP Test Method
There are two RCP tests that can be used today for determining the fracture
resistance of PE pipes. The first one, the Full Scale Test (FST), requires a 25 m
long (Fig. 2.7) and up to 0.5 m diameter PE pipe specimen, in a temperature-
controlled trough, buried underneath a gravel backfill of at least 0.1 m in depth.
This approximately simulates typical service conditions and it is until this day
the absolute standard for RCP testing. Refrigerated water circulates around the
specimen and through the gravel within the trough, maintaining a uniform pipe
temperature of 0± 1.5°C [18]. Air or nitrogen is used to pressurise the test pipe and
a steel reservoir is connected to one end simulating a much longer pipeline. A crack
is initiated 2 m from the other end of the test piece by an axially aligned blade,
driven by a pneumatic impact cylinder into the wall thickness. This initiation zone
is cooled to -70°C and it is scored internally with an axial notch, thus ensuring
that a high-speed crack is ready to start into the test length [18]. A series of FS
tests define a critical internal pressure, above which crack propagation continues
through the entire test length, and below which crack arrest occurs within a few
pipe diameters, usually within 1 or 2 metres from the impact point.
During RCP in a gas pipeline, the pipe walls are “unzipped” and the pressurising
fluid begins to escape behind the moving crack tip. The FS test simulates these
conditions, resulting in a decompression wave front propagating as pressure de-
creases ahead of the crack tip. Travelling at the sonic velocity of the pressurising
medium (331 m/s for air at 0°C), this decompression front overtakes the running
crack, leaving an exponential pressure decay profile in its wake. Long pipe lengths
allow the profile to be stretched sufficiently so that the pressure ahead of the
crack tip can be considered constant for a few diameters, and steady state RCP is
achieved.
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Figure 2.7: HDPE pipe subjected to Full-Scale RCP test [19]
The time needed from the start of preparations for the test until the collection of
data is typically 2-3 days. Apart from specimen length, the major disadvantage
of the FS test is cost, which is why continuous research in the field yielded in the
1980s the introduction of the Small Scale Steady State (S4) test.
2.6 S4 RCP test method
Like its full-scale counterpart, the S4 test initiates a fast running crack into a
pressurised pipe, which then propagates or arrests depending on test conditions.
Steady state conditions are set up quickly and a critical test pressure (PcS4) is de-
termined using only a specimen length of 7-8 pipe diameters. Figure 2.8 describes
the essential features of the test.
As in the FS test, the test piece is cooled to 0°C and pressurised with air. A chisel-
ended striker impacts the pipe near one end, initiating a fast crack into the test
length. A critical pressure is defined, above which a crack propagates axially for
a distance greater than 4.7 pipe diameters. Shorter crack lengths indicate arrest.
During an S4 RCP test, the containment cage prevents excess flaring of the pipe
walls as compressed air escapes, and the internal decompression baﬄes prevent the
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Figure 2.8: Essential features of S4 test[20]
axial decompression seen in the FS test [20]. This ensures a steady test pressure in
each of the compartments created by the baﬄes, before the crack reaches it. The
pressure at the crack tip is therefore maintained during the test and this allows
the use of much shorter specimens.
Figure 2.9 shows a typical bell-shaped crack opening profile for a Ø110 mm pipe
in S4 test, tested at relatively high pressure (5 bar) without the containment cage
so that the crack opening is relatively wide. This induces however higher crack
opening, leading to lower crack driving force since the compartment depressurises
quicker because of the wider opening, thus reducing G and arresting the crack.
The black arrow indicates the crack front and it can be seen that the maximum
opening occurs just behind the middle of the pipe, approximately at a length of 3
to 3.5 diameters behind the crack tip.
The sinusoidal crack path has been observed from the beginning of the development
of the FS and S4 test and while initially possible defects in the material due to the
extrusion process (screw pitch angle) were suggested as the cause, Shannon and
Wells [21] attribute it to the transverse exhaustion of the pressurising medium in
PVC pipes, sustained only at crack speeds higher than the speed of sound in the
gas.
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However, it is mostly accepted [19, 22, 23, 24] that crack curving is closely asso-
ciated with the existence of a non-singular stress field acting parallel to the crack
tip. When the ratio of this axial stress to the circumferential one acting perpen-
dicularly to the crack plane is >1, stress symmetry is lost and the path becomes
unstable leading to either a clockwise or anti-clockwise deviation [25].
 
  
  
Figure 2.9: Full crack propagation of S4 test in Ø110 mm pipe, with the black
arrow indicating the crack front [12]
The transition from crack arrest to propagation is sharply defined as in the FS
test, and the path of crack propagation is also similar (typically sinusoidal). Since
there has been little or no decompression prior to failure, S4 critical pressures are
always lower than those determined from the FS test, but the results are related.
Establishing a correlation between them allows prediction of field operation critical
pressures via the S4 test [20]. The correlation between FS and S4 critical pressure
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is described by equation 2.2.
Pc = PcFS = 3.6 · PcS4 + 2.6 bar (2.2)
PcS4 values are sharply defined by the S4 test as a transition between ‘arrest’ (at
a short final crack length) and ‘propagation’ (nearly to the end of the specimen)
results. In PE pipe they are geometry dependent, decreasing with increasing pipe
diameter, and with decreasing wall thickness [14]. Despite the fact that RCP is
observed during S4 testing of gas pressurised PE80 pipe at 0°C, a well-defined tran-
sition temperature exists, above which fast brittle fracture cannot be sustained at
any operating pressure. This temperature is referred to as the critical temperature
TcS4. The transition from brittle to ductile behaviour is typical of polyethylene
and is also encountered in a variety of tests like uniaxial tension or three point
bend impact testing. However, for some thermoplastic pipes, at temperatures at
or above 0°C, rapid crack propagation may not be possible at any pressure and
so the critical pressure cannot be determined. The critical temperature, TcS4, is
defined as the lowest crack-arrest temperature above the highest crack propaga-
tion temperature [20] at a specific pressure (usually 5 bar). Typical transition
temperatures for PE80 pipe lie between 2.5 and 12.5°C [26].
In comparison, PE100 pipes possess a relatively low Tc, below 0°C. Consequently,
they are normally immune to gas-pressurised RCP at the minimum expected oper-
ating temperature in the UK (0°C). Transitions are typically found around −15°C
but like PcS4, they depend on pipe geometry and size. Tc is generally found to in-
crease with increasing pipe wall thickness and decreasing diameter [20]. Both TcS4
and PcS4 vary between pipes produced from different batches, different materials,
or of the same material but different diameter or SDR.
2.7 Critical temperature and critical pressure
Typical PcS4 tests are carried out at 0°C for UK requirements. The test specimens
are conditioned in large industrial freezers for at least 16 hours prior to test. ISO
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13477:1996 suggested an offset of minus 2°C in the conditioning temperature, so
during the time (3 mins ± 20 secs) that the specimen needs to be placed on the
testing rig it would have reached the desired testing temperature. Leevers [27] cali-
brated the appropriate heat transfer calculation using data from a thermal imaging
camera and concluded that a conditioning temperature function, independent of
pipe thickness or diameter, should be followed. Equation 8.2 is implemented in
the 2007 ISO 13477 ‘S4’ standard.
Tcond = 1.12 · Ttest − 2.8 °C (2.3)
As in all S4 tests a chisel ended striker impacting the pipe at 10-20 m/s, initiates
the fast running crack into the test section. The critical pressure PcS4 is defined
as the pressure above which the crack propagates along the axis of the pipe for
a distance greater than 4.7 pipe diameters (Fig. 2.10). The transition between
crack arrest and propagation is similar in nature to the full-scale test and as stated
before because of the internal baﬄes the test maintains steady state conditions
and allows RCP at lower pressures.
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Figure 2.10: Critical pressure graph for Ø160 mm pipe at -15°C
Similar to the critical pressure, a well defined S4 critical-transition temperature
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exists above which RCP cannot occur at any pressure. The procedure for deter-
mining TcS4 initially involves tests carried out at temperatures where we expect to
have arrest and propagation, and then testing between those two limiting temper-
atures. The usual testing pressure for gas pressurised pipes is 5 bar. Testing at
constant pressure avoids the need to measure critical pressure at fixed temperature
intervals until propagation cannot be sustained.
The combination of critical pressure and critical temperature can provide a simple
and useful operating criterion for the prevention of RCP. Figure 2.11 is a schematic
of the arrest and propagation regimes with respect to temperature and pressure.
Figure 2.11: Schematic of propagation and arrest regimes for RCP [16]
As seen in Fig. 2.11 the temperature transition from brittle to ductile behavior is
relatively sharp, and can be observed [13, 28] when test pressures exceed 5 bar.
Morgan [14] found that critical pressure decreased to an almost constant value at
temperatures below TcS4 and increased rapidly and exponentially as the temper-
ature increased above TcS4. However, this sharp change is not always seen, and
prompt crack arrests may occur at temperatures below the TcS4 and at higher test
pressures. The latest S4 standard has taken this effect into account and suggests
that if a pipe shows an arrest at high pressure, then it should also be tested at
lower pressures at the same temperature, in order to ensure a safe service envelope.
Chapter 2. Rapid Crack Propagation in PE pipe 38
Such cloche results have also been observed during this study, wherein more than
one pipe grade specimens failed at pressures rather lower than arrest results at the
same testing temperature. This effect will be evaluated in the following chapters
and it is attributed to the rapid gas discharge and the high kinetic energy of the
flaring pipe walls. S4 tests were carried out in order to evaluate this relationship,
for a range of pipe diameters and pipe grades. However, when the same pipe batch
produces specimens both with arrest and propagation regimes at the same testing
temperature, material variability must also be considered as the inconsistent RCP
factor.
2.8 S4 Testing Results
2.8.1 Effect of pipe size
The first part of this project was focused on studying the effect of pipe size on
TcS4 at constant SDR (diameter/thickness ratio). S4 tests on SDR11 pipe revealed
that there is a linear trend in RCP transition temperature, TcS4 decreasing with
decreasing pipe diameter or thickness. Table 2.3 shows the critical temperatures
obtained for the same material over a range of pipe sizes as a function of diameter.
Table 2.3: S4 Tc versus pipe size for SDR11 PE pipe
Material Diameter (mm) S4 Crit.Temperature (°C)
606SC026 Ø250 +1
606SC026 Ø160 -5
606SC026 Ø110 -8
606SC026 Ø63 -29
Figure 2.12 shows that although the linearity is strong for the three larger pipe
sizes, the reduced constraint in the very thin (5.7 mm) wall of Ø63 mm pipes leads
to lower TcS4 [13, 16].
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Figure 2.12: S4 critical temperature results versus pipe wall thickness
2.8.2 Critical temperature differences between PE100 grades
Pipes of Ø250 mm in size, extruded from seven different PE100 materials and one
PE80 were tested for S4 critical temperature. Table 2.4 summarizes the results
obtained1. The PE100 tests revealed higher TcS4 than normally seen in those
materials. Only two of the materials (605SC011 and PE100 Co) performed as
expected (according to size and material classification). The results for the PE80
grade were also above typical TcS4 values seen before.
Table 2.4: TcS4 results for different materials
Material Diameter (mm) S4 Crit. Temperature (°C)
606SC026 Ø250 +1
510SC003 Ø250 -1
510SC048 Ø250 -5
0701C046 Ø250 -1
0701C047 Ø250 -1
605SC011 Ø250 -10.5
P100 Co Ø250 -13
0702C004-PE80 Ø250 +11
1Graphical results can be found at [29]
Chapter 2. Rapid Crack Propagation in PE pipe 40
Although the manufacturing process of the first delivered materials was not dis-
closed due to confidentiality issues, good indices for material classification are
molecular weight and polydispersity values [13]. Polydispersity expresses the de-
gree of the distribution of molecular mass in a given polymer sample and the
polydispersity index (PDI) is calculated by dividing the weight average molecular
weight (Mw) by the number average molecular weight (Mn). In bimodal resins,
higher values of PDI mean an even broader distribution, thus better mechanical
properties since both tie molecules and short chain branching are abundant in the
resin, thus PDI may play a role in RCP as seen in Fig. 2.13.
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Figure 2.13: PDI versus S4 critical temperature results
2.8.3 Extrusion Speed Effects
Extrusion line speed negatively affects the crystallinity of the pipe, as higher speeds
mean less time available for post-extrusion cooling but, with the pipes reaching
ambient temperature faster at the same line length, increased cooling rates and
water spray velocity. Although TcS4 was evaluated only for the same material
extruded at two different speeds (300 and 550 kg/h) the results obtained (Table
2.5) show little difference. The change in TcS4 was only 1°C which is within the
ISO 13477 conditioning temperature tolerance. In order to assess in more depth
the effect of line speed, S4 critical pressure tests were carried out at -5°C, so both
grades were well below their transition temperature. There was no detectable effect
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and both specimens failed under the same test pressure, showing that extrusion
line speed has negligible effects on RCP performance for this grade.
Table 2.5: S4 Tc for different extrusion speeds
Material Diameter (mm) Extrusion Speed (kg/h) S4 Crit. Temperature (°C)
602SC012 Ø250 550 +2
602SC012 Ø250 300 +1
2.8.4 Melt Flow Index (MFI)
The MFI expresses the amount of polymer melt (in grams) that can be forced
through a standard die in 10 minutes of flow time, when subjected to a specified
force at a given temperature, according to a standardised procedure. The oper-
ating temperature varies with material, and for polyethylene is 190°C. Molecular
weight also influences the polymer’s viscosity, as the longer the polymer chain is,
the higher the viscosity, and hence the lower the melt flow index. A lower MFI
will generally correspond to greater mechanical strength and lower stress relax-
ation for the material [30]. For PE100 pipes the specification for extrusion states
a minimum MFI of 0.2, since extrusion cannot be achieved at lower values.
For this study, in order to evaluate the effect of viscosity, materials with higher
MFI were produced. The materials were produced with the same catalyst and had
very similar densities and Mw, but slightly different comonomer content in order
to obtain different viscosities.
It can be clearly seen from Table 2.6 that materials with MFI close to 0.2 had lower
TcS4. These grades had also higher density, which can also explain the higher
toughness of the materials [31]. However, the combined effects of comonomer
content, type of catalyst,Mw, density and MFI are difficult to distinguish and
create a safe conclusion for their role in RCP and TcS4.
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Table 2.6: S4 critical temperature for different MFI of Ø250 mm pipes
Material MFI (g/10 min) Mw(kg/mol) S4 Crit. Temperature (°C)
0805C034 0.21 165 -11
0805C035 0.24 165 -3
0708C023 0.33 207 -2
0709C013 0.37 209 11
2.8.5 Carbon black effect
Most polymers are very susceptible to ultraviolet (UV) radiation degradation [8],
which affects greatly their mechanical properties (tensile strength, fracture tough-
ness, slow crack growth and load bearing capacity), and it is the main cause of
failure for outdoor installed pipes. One of the most effective ways to reduce these
UV induced failure mechanisms is the use of carbon black stabiliser. This is nor-
mally added as fine powder (10 to 120 nm in size) in the masterbatch material
during production of the final resin pellets. Its ability to absorb the harmful radia-
tion increases with dispersion and as the size of the additive decreases the effective
area becomes higher, leading to better UV resistance [32, 33].
The effect of carbon black dispersion has been extensively investigated and most
researchers have found that it has a positive effect on mechanical properties, such
as tensile yield strength, tensile fracture strength, tensile fracture elongation, flexu-
ral strength, flexural modulus and impact strength [34, 35]. However, the effect on
impact fracture toughness seems to decrease with increasing carbon black weight
fractions, since the presence of the filler results in both an easier initiation of crack
formation due to stress concentration on the filler surface as well as a decrease of
chain mobility due to polymer-filler interactions resulting in lower deformability
of the material [13, 35, 36]. This was also observed during RCP performance,
when the same material but with different colour pigment, showed completely op-
posite behaviour with increased RCP performance (lower TcS4 and higher fracture
toughness values), as seen in Table 2.7.
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Table 2.7: Carbon black effect in TcS4
Material Diameter (mm) Colour S4 Crit. Temperature (°C)
606SC026 Ø250 Black +1
605SC011 Ø250 Orange -10.5
The UK Gas Industry Specification (GIS/PL2-2:2008), states that gas pressurised
PE pipes should be yellow in colour, and depending on whether they have skin
or not, axial stripes should be added to denote the SDR (e.g. black for SDR11,
red for SDR17.6). Since each EU country has its own standards on the colouring
of the pipes in service (e.g. Spain designates black for natural gas and blue for
water), the specimens that were tested during this study were all black, except
the comparative 605SC011 grade (orange) mentioned above.
Although carbon black here caused a significant reduction in RCP performance,
O¨zbek [13] found a positive effect on TcS4 with increasing the stabiliser’s dispersion
in small diameter pipes, but a negative effect on their crack initiation energy Gc.
On the other hand, Krishnaswamy [17] found a negative influence on the pipe
S4 critical temperature (about +7°C), which became less severe with decreasing
pipe wall thickness. These divergent results suggest that more research should
be carried out about the effect of colour additives on the fracture toughness of
polymer pipes.
2.8.6 Dependence of critical pressure on temperature
Critical pressure depends strongly on testing temperature. Above TcS4, critical
pressure in S4 tests increases rapidly [12, 37, 38]. This can be seen from material
0701C046, where although the TcS4 was only -1°C (which is not low enough to
safely classify it as a PE100 grade), the PcS4 at +0°C was above 9 bar. In order to
find the trend of critical S4 pressure with temperature, tests were carried out at
different temperatures in all the pipe sizes provided. Although previous researchers
suggested a steeper dependence of critical pressure on temperature [12, 13, 14, 38],
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current findings seem to agree better with the picture presented in Fig. 2.11, which
suggests a less steep TcS4-PcS4 transition. The results are shown in Figures 2.14
and 2.15.2
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2.8.7 Crystallinity variation through the pipe wall
The common practice in extruded pipe cooling is the use of water jets, spraying
ambient temperature water onto the external surfaces of the pipe, in a series of
tanks located at the end of the production line. This single surface cooling along
with the low thermal diffusivity of the polymer, creates a gradient in thermal
extraction rates through the wall thickness. Since crystallinity is closely related
to cooling rates in polymers, the temperature gradient results in a crystallinity
gradient.
Experiments conducted using DSC on specimens cut from the inner, middle and
outer surface of pipes confirmed this. Figure 2.16 shows a typical crystallinity
versus pipe size and wall thickness graph for one material (PE100 606SC026) over
a range of diameters. As expected, the through-thickness variation increases with
increasing pipe wall thickness (decreasing SDR), leaving small pipe sizes with an
2For Ø63 pipe only two points were obtained due to difficulty reaching lower temperatures
(<-40°C).
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almost uniform crystallinity distribution. Larger pipe diameters have considerably
higher crystallinity values, because of the long cooling times.
Morales [39] developed a model, which calculates the crystallinity values and resid-
ual strains of a polymer slab cooled from the melt, using a transient conduction
analysis for various cooling rates. The program uses DSC endotherms, material
properties and an extrusion process heat analysis to produce a time dependent
pipe layer temperature and residual strain distribution. In this way a simulated
crystalisation process during extrusion was obtained which led to the evaluation of
pipe wall crystallinity for each pipe size. The computed values are shown as black
squares in Fig. 2.16 and although the accuracy of the model is still under dis-
cussion, the results show generally good agreement both in value and distribution
with experimental values, especially when the uncertainties of the DSC method
are taken into account [40, 41, 42]. These errors are about 3%, which corresponds
to a magnitude of 1-2% in the actual value of the experimentally calculated crys-
tallinity. Also, in order to evaluate whether the through thickness crystallinity
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plays an important role during RCP, DSC tests were carried out on each of the
pipe batches tested (shown in Table 2.4)3. Specimens of 5×5×2 mm were cut
from the pipes and the results can be seen in Fig. 2.17. Although crystallinity has
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Figure 2.17: Through thickness crystallinity for selected materials
been associated with material toughness and crack initiation energy [13] in PE100
grades, during RCP the fracture plane has significantly non-uniform crystallinity.
The fact that also plane stress and plane strain conditions occur in areas with
different crystal formation, complicates the effects of crystallinity and the mate-
rial dependence on it cannot be isolated. The results suggested that crystallinity
has no nett effect on RCP performance, since materials that had similar values,
showed completely different TcS4.
2.9 Conclusions
Although most of the material types initially supplied were identified as PE100,
S4 tests revealed critical temperatures between -5 and +2°C, normally seen in
PE80 pipe grades. Even the PE80 grade that was tested had a relatively high
3All DSC tests were carried out at Repsol YPF laboratories
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transition temperature (+11°C). Chemical variations such as different catalyst
usage to initiate polymerization (materials 0701C046-0701C047), seem to have
little effect on critical temperature. Extrusion line speed seems also not to have
any effect on RCP performance at least in the PE100 grades supplied. However,
even if TcS4 was barely below 0°C for some materials, they could still pass the
PE100 specifications (resist RCP at 0°C and 10 bar line pressure [43, 44]), as tests
have shown for one grade (0809C011). With a critical temperature of -2°C, it did
not sustain RCP at 10, 6 or 4 bar at 0°C as ISO 13477 requires it to be tested.
Carbon black additives seem to deteriorate pipe performance in these PE100 resins,
in terms of crack initiation toughness and RCP resistance. However, other mechan-
ical properties such as Young’s modulus and yield stress seem to remain unaffected,
with only a slight density increase with increasing dispersion.
For the PE grades tested, a linear increase of TcS4 with pipe diameter or thick-
ness has been observed, which agrees with previous findings. This will be further
investigated in chapter 6 along with pipe size, crack driving force and fracture
toughness. The results from S4 tests on pipe of four different sizes at various tem-
peratures and pressures reveal the expected form of arrest-propagation boundary
(Fig. 2.11).
The crystallinity percentage measured for the diameter study material and the
rest of the investigated materials, show no significant difference from typical values
seen before for extruded PE pipe grades. Inner, middle and external layers seem
to agree with the expected trend of increasing average crystallinity with increasing
pipe size, while the effect of crystallinity on RCP performance remains minimal,
since materials with similar χc showed significantly different TcS4.
Chapter 3
Fracture Mechanics Analysis of
RCP
3.1 Fracture behavior of elastic systems
During the fracture process in a bounded elastic system mechanical work is per-
formed by an external energy input, causing a discontinuity, which results in the
creation of the new surface areas developed by the propagation of the crack front.
This violation of continuity allows an energy release that provides the required
driving force for fracture. This overall process can be described by the following
energy balance [25], which is shown in Fig. 3.1.
The external energy input δU1 is distributed between three components during
an increase in fracture area A by an amount of δA. These components are: δU2
the change in the dissipated energy for crack propagation, δU3 the change in the
stored energy and δU4 the change in the kinetic energy of the system. Thus the
energy balance becomes:
δU1
δA
− δU2
δA
=
δU3
δA
+
δU4
δA
(3.1)
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input
Figure 3.1: Energy balance on a bounded system
δU2 is also known as the fracture resistance for incremental crack propagation, Gc,
and is defined for a given set of conditions as:
Gc =
dU2
δA
(3.2)
G, the energy release rate, is defined as the energy change in the system due to
external work and changes in internal energy and is expressed as:
G =
dU1
δA
− dU3
δA
(3.3)
The expression for G at slow crack growth rates and/or slow rates of external
loading does not include the kinetic energy term since the change in kinetic energy
under these conditions is negligible. As a result G is equal to the crack initiation
toughness Gc, for quasi-static conditions. However, in the case of RCP with a
crack propagating at speeds of excess of 300 m/s, because of gas depressurisation
and pipe wall ‘flaring’ the kinetic energy term is significant. In this case G is
termed the “dynamic fracture resistance” GD and is defined as:
GD =
dU1
dA
− dU3
dA
− dU4
dA
=
dU2
dA
(3.4)
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Gc at high loading rates can be determined experimentally using the ISO 17281
instrumented fracture mechanics three point bend impact test [45, 46], and GD
by the high speed double torsion test [47], or other methods such as Greenshields’
water pressurised S4 test [48]. For some thermoplastics GD can also be predicted
as a function of crack velocity by the thermal decohesion model developed by
Leevers [49], which can also predict Gc as a function of impact speed.
3.2 Small-Scale Yielding
After a PE pipe has suffered RCP, two visibly different regions can be clearly
distinguished on the fracture surface as seen from a direction perpendicular to the
crack plane. The first one and (for a thick pipe wall) more dominant in terms of
size, appears very smooth and flat (Fig. 3.2), indicating brittle fracture. This zone
fractured under plane strain conditions, which effectively means that there was no
strain along the crack front. The energy dissipated in this region during fracture
is essentially that dissipated in the crack-tip craze, and depends on its cohesive
stress and the critical crack opening displacement. The plane stress zone (Fig. 3.3),
Figure 3.2: RCP fracture surface (bore facing upwards) [19]
which is clearly visible because of its plastic deformation (in PE usually white), is
much smaller in size (varying between 1− 5 mm depending on temperature), and
appears very rough and irregular. The surface consists of many microvoids and
dimples indicating ductile fracture. It is apparent that the energy dissipated in
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this area is much higher due to the extensive amount of plastic deformation. Fig.
3.2 shows the difference of the fractured area size for the two modes, where the
plane strain zone is much larger than that achieved in plane stress. By reducing
the thickness however, the ratio of plane stress zone to plane strain increases, thus
leading to higher fracture toughness [19]. Based on this, Ritchie [50] proposed the
Reversed Charpy test, correlating the energy absorption of this plane stress area
for a specific material with the plastic work dissipation in the essential work of
fracture (EWF).
Figure 3.3: RCP fracture surface, shear lip-plane stress zone detail [19]
3.2.1 Essential Work of Fracture
Although the EWF is being widely used, it has been only standardised very re-
cently by ESIS (European Structural Integrity Society). It is still subject to con-
siderable criticism, since polymers have fracture toughness which is strongly rate
and thickness dependent, so considering a constant essential work of fracture is
unrealistic [51].
In order to apply EWF there are certain prerequisites that have to be fulfilled.
First, the ligament (Fig. 3.4) should completely yield prior to fracture initiation,
the essential work of fracture (We) inside the inner fracture process zone should
be proportional to the ligament length, l, and the plastic work Wp in the outer
process zone should be proportional to the square of the ligament length, l2. This
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relation needs to have a very high linear coefficient (R2 = 0.98) in order for the
tests to be valid.
Williams [52] has been working until recently on the correlation procedure for
the linear fitting and data extrapolation, suggesting notch sharpness criteria and
statistical guidelines using the approach of Mai and Cotterell [53] and their EWF
relation to JR curves.
However, in a DDENT (deep double edge notched tension) specimen (Fig. 3.4)
there is a threshold below which plane stress transforms to mixed mode leading
to different line coefficients. For this reason it is recommended that l must not be
less than 3 times the specimen’s thickness. The upper ligament size according to
ESIS has to be lower than W/3 or 2rp, (where rp is the Irwin plastic zone size,
independent of shape).
plane stress
plane stress/plane strain transition
plane strain when
Figure 3.4: EWF data reduction method and dimensions of DDENT speci-
mens [54]
Normally for plane strain conditions the J-integral scheme is employed, however we
(specific essential work of fracture) can be extrapolated when plane stress prevails
in an EWF test. Karger-Kocsis [55] proposed an approach regarding the split
terms of the EWF approach (work of fracture partitioning) which for a DDENT
specimen can be separated into two terms: the work required to yield the ligament
region (or yielding workWy), and the energy for the tearing of the necked ligament
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area up-to-fracture, Wn). Following this approach Mouzakis [56, 57] showed that
this approach is correlated very well with experimental observations and can also
be simulated for polyester and PET films.
The traditional EWF test is based on the concept that plastic deformation should
be fully developed around the ligament region prior to the crack growth. During
a tensile test the total energy dissipated is given by the integration of force (F )
over displacement (x):
Wf =
∫
Fdx (3.5)
The required fracture work of the DDENT specimen consists of two parts: (a) the
essential work for the formation of new fracture surface, and (b) the non-essential
work for plastically deforming the ligament region related to energy dissipation
mechanisms, thus leading to:
Wf = wetl + βWptl
2 (3.6)
where l is the remaining ligament, β is a shape factor for the plastic zone, W
and t are the specimen’s width and thickness respectively. In specific terms (once
divided by tl):
wf = we + βwpl (3.7)
Following Karger-Kocsis, proposal Eq. 3.6 and 3.7 can be re-written as:
Wf = Wy +Wn (3.8)
where Wy is the yielding work and Wn is the energy absorbed for necking and
tearing (Fig. 3.5).
In specific terms Eq. 3.8 transforms to:
wf = wy + wn = we,y + βywp,yl + we,n + βnwp,nl (3.9)
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Figure 3.5: Partitioning of the EWF response [55]
where we,y is the specific essential yielding-related work of fracture, we,n is the
specific essential tearing work, wp,y is the volumetric energy dissipated during
yielding, and wp,n is the dissipated work during tearing. βy and βn are geometry
factors related to the shape of the plastic zone during the yielding and necking
stages respectively.
Although this energy partitioning is accepted and has strong experimental evi-
dence, Kwon [58] suggested a new energy partitioning approach to the measure-
ment of plane strain fracture toughness (G1D) for HDPE, after considering the
dual fracture regimes of RCP. His experimental results showed consistent and
thickness independent values but higher material G1D fracture toughness, 5 to 6
kJ/m2, rather than the results obtained from the plane strain methods that were
employed in this study.
This difference could be attributed to the low crosshead speeds employed by the
EWF (range of 2 to 5 mm/min), thus low crack tip extensions rates which corre-
spond to very low crack speeds during RCP and higher plane strain crack resis-
tance.
3.3 Fracture mechanics models of RCP
For the specific case of a crack propagating at constant speed along a pressurised
pipe, previous work involving the use of computational solutions [59, 60, 61] shows
that there is a dependence of G (crack driving force) on crack speed a˙, as shown
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schematically in Fig. 3.6. At low speeds the crack driving force is reduced by
escape of the pressurising fluid, whilst at high speeds it is impeded by pipe wall
inertia [22].
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Figure 1: Schematic showing dependence of crack driving force (solid lines) and crack resistance
on crack speed in pressurised PE pipe
through a compatibility condition applied diametrally opposite the crack, while equilibrium is
satisfied only approximately. This model, like that of Williams [5], reduces the region of pipe
behind the crack front to an ‘equivalent beam’ bending under the same pressure distribution —
assumed, on the basis of direct measurement, to be a linear decay (Fig. 2). The present model,
unlike that of Williams, accounts for the substantial strain energy stored by bending of the pipe
wall behind the crack. Unfortunately, this component severely complicates solution. In a version
developed (but not published) more than a decade ago, the author sidestepped this problem using
an approximate method. Zhuang [6] contributed a more elegant and accurate approximation. The
present version embodies this improvement and corrects earlier confusion between gauge and
absolute pressures [? ]. Most importantly, it adds a simple gas discharge model to determine
the pressure outflow length, which had previously been an undetermined parameter. At every
stage strenuous efforts have been made to maintain transparency of the model to its underlying
physical principles, and to keep it computable at spreadsheet level.
2 Analysis
As usual, G is computed by isolating a fixed control volume containing the crack front and com-
puting the external work UE done on it, and changes in the strain energy US and kinetic energy UK
which it contains, during an increase in crack length a:
GdA
da
= d
da
[UE −US −UK] (3)
where A is the fracture area. In this case, the control volume surface is fixed as in Fig. 2. The
control volume surface cuts the pipe at two radial sections, between which it wraps over the
inner pipe surface to exclude any pressurising fluid. If the pipe flows steadily through the control
volume from right to left, time dependence vanishes. G can be expressed as a crack driving force,
3
Figure 3.6: Schematic showi g dependence of cra k driving force (solid lines)
and dynamic fracture resistance on crack speed in pressurised PE pipe [22]
As pressure increases, G increases and the shape of G(a˙) changes, following the
dependence shown in Figures 3.7 and 3.8. Also indicated in Fig. 3.6 is the ap-
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cal pressure for S4 test Ø160
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proximate dynamic fracture resistance GD of typical PE pipe material. A crack
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can propagate when G becomes equal to GD which also depends on crack veloc-
ity, approximately in the form shown in Fig. 3.6, and strongly on the constraint
and therefore on pipe wall thickness and temperature. As mentioned before, the
plane stress zones close to the free surfaces of the pipe contribute disproportion-
ately to RCP performance [19, 26] hence the difference in the two modes of GD
value. Depending on the temperature and the pressure the specimen is subjected
to, the G(a˙) curve intersects the GD(a˙) curve and so RCP can be sustained at
the corresponding speed. The maximum value which the crack driving force can
attain is approximately the minimum value of GD so that (if the peak G is at a
high enough speed) RCP may occur. Typical minimum values for plane strain
GD measured by laboratory methodologies like the High Speed Double Torsion
(HSDT) and the Hydrostatic S4 test [48], are between 2-3 kJ/m2, which is sig-
nificantly lower than the crack initiation toughness Gc, which depends on impact
speed but is typically between 5-15 kJ/m2 for a PE pipe grade at an impact speed
of 1 m/s. In the following chapter, a clear distinction between the two fracture
modes will be introduced, separating GD into plane strain (G1D) and plane stress
(G2D) components.
3.4 Pipe RCP models
Several researchers have tried to model rapid crack propagation in gas pressurised
plastic pipes [59, 60, 61, 62] using LEFM. Because of the complex, multi-field
nature of the problem either finite element or finite volume analyses have been
deployed using complex computational algorithms, as it involves the modelling
of dynamic interaction between a non-linear plastic pipe and the contained com-
pressible fluid as well as the influence of the quasi static backfill. These models
correlate the internal line pressure, material properties and pipe geometry to the
crack driving force. However the adoption of such a model by a typical end user
is extremely difficult unless it can be executed using a simple calculation sheet.
Chapter 3. Fracture Mechanics Analysis of RCP 57
3.4.1 The Irwin-Corten Analysis
In 1968, Irwin and Corten proposed an analytical approach to predict rapid crack
propagation by applying linear elastic fracture mechanics (LEFM) to a pipe ge-
ometry [62]. In their solution they assume that only the complete release of strain
energy stored in the pipe wall ahead of the crack, is responsible for the extension
of the crack. This means that no energy is retained during fracture, which could
be released in the form of kinetic energy or pipe wall ‘flaring’ behind the crack tip.
The model arrives at a closed form expression for critical pressure, pc , which sets
the limit between an infinite crack propagation and a sudden arrest.
pc =
t
D
√
8 · E ·GD
pi ·D =
1
(SDR− 2)
√
8 · E ·GD · SDR
pi ·D · (SDR− 1) (3.10)
where SDR is the ratio D/t (the ‘Standard Dimensional Ratio’, SDR), E is the
tensile modulus of the material and GD is the material dynamic fracture resistance.
Equation 3.10 seems to be an effective basis for predicting the critical pressure of
pipe pressurised by an incompressible fluid such as water [48], which remains sus-
pended as a cylindrical plug behind a rapidly running crack front whilst the pipe
wall relaxes around it. The resulting critical pressure is related to a minimum
dynamic fracture resistance, GDmin, which could be correlated to the Irwin-Corten
analysis critical pressure, that suggests RCP is sustained solely by strain energy
release previously stored in the pipe wall. This provided the basis for the devel-
opment of Greenshields’s hydrostatic S4 method [48, 63] in which he successfully
measured GDmin and consequently the crack driving force, in PVC, PP, PE80 and
PE100 pipe grades.
However, both pc [21] and PcS4 [22] prove to be lower for gas-pressurised pipe,
suggesting that GD is lower than that given if we rearrange Eq. 3.10.
G = GD =
pi
8
· p
2
c
E
·D · (SDR− 2)
2 · (SDR− 1)
SDR
(3.11)
This analysis is not applicable however for gas pressurised pipes, where the dis-
charging fluid has a significant effect on the crack propagation. It is now known
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[22, 60] that the crack driving force is considerably increased by this phenomenon
hence the effect of the flaring pipe wall and the kinetic energy stored in it.
3.4.2 Pressure distribution for gas pressurised pipes
At the crack tip the gas discharge can be modeled as a single, axial dimension
problem. Alder [64] distinguished two regions within the axial pressure distribution
around the crack tip. Ahead of the crack, there is decompression by axial backflow
of gas from the region behind the tip to the crack plane. Behind the crack there
is outflow between planes 1 and 2 (Figure 3.9).
Figure 2: Pipe deformation and pressure distribution around the crack tip plane
volume from right to left, time dependence vanishes. can be expressed as a ,
in terms of the rate of external work and of the internal energy densities per unit length of pipe
wall passing the control volume planes in front of (‘f’) and behind (‘b’) the crack:
c
d E
d
S K f S K b (4)
where c is the crack path width, which will normally be the pipe wall thickness . We identify,
by subscripts:
0 a region, well ahead of the crack front, in which the contained ?uid remains at its initial
pressure;
1 a plane in?nitesimally ahead of the crack front,
2 a plane, some distance behind the crack front, at which the internal pressure has fallen to
zero, and
a region so far behind the crack front that static conditions have been restored.
The model developed here will collapse this problem to a single, axial dimension. [ ] distin-
guished two regions within the axial pressure distribution around the crack tip. Ahead of the
crack, there is by axial back?ow of gas from region 0 to plane 1; behind the crack
there is between planes 1 and 2 (Fig.2). Decompression has most straightforwardly been
modelled by one-dimensional ?ow towards a cross-sectional ‘guillotine’ cut at the virtual crack
initiation point. The crack tip gauge pressure becomes
1 a
0 a
1
1
1
1
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Figure 3.9: Pressure distribution and pipe deformation around the crack tip
[22]
Decompression has most straightforwardly been modelled by one-dim nsional flow
towards a cross-sectional ‘guillotine cut’ at the virtual crack initiation point. The
solution depends on the crack velocity (a˙), the medium isentropic expansion co-
efficient (γ), the sound velocity (co) a d the initial line ressure (p0). The gauge
pressure (p1) at the crack tip can then be given by:
p1
p0
=
[
1− γ − 1
γ + 1
·
(
1− a˙
c0
)]2γ/(γ−1)
, a˙ < co (3.12)
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p1
p0
= 1, a˙ > co (3.13)
It has been shown [65] that this analysis is in accordance with experimental testing,
and that the ‘guillotine’ cut is applicable as long as the opening of the crack, v(z),
is small enough so that there is no radial escaping of the medium inside the pipe.
When the crack speed exceeds the speed of c0 (331 m/s for air at sea level and 430
m/s for natural gas at 0°C) then the crack tip pressure will remain at the original
line pressure p0. The rate of the discharge of the escaping medium is dependent on
the crack tip opening and leads to an approximately linear decrease in pressure.
The extrapolated distance behind the crack tip plane at which the gauge pressure
becomes equal to the ambient pressure (atmospheric). This length is known as
the decompression length L and it is heavily influenced by the crack speed [60].
During RCP in a full scale test on PE pipe just above the critical pressure, the
crack tip often arrests momentarily. For zero crack speed and for γ = 1.4 (as for
air and natural gas), Equation 3.12 shows that the crack tip absolute pressure p1
falls to 28% of p0, and it can only slowly increase if RCP re-initiates. It follows
that RCP can only continue in an S4 test if the absolute pressure exceeds 28%
of p0 in a FS test. This leads to the factor of 3.6 (=1/0.28) in the established
correlation in Equation 2.2 [20] .
3.4.3 Computational Models
Due to the multi field nature of RCP (fluid-structure interaction), complex models
incorporating finite volume and finite element solutions have been developed over
the years.
Ivankovic [60] and Venizelos [61] employed the finite volumes method for the so-
lution of the stress analysis and fracture components of pipe RCP. In that work
the fluid was represented by a pattern of fixed pressure tractions (pressure forces)
along the bore of the pipe, decaying linearly behind the crack tip. Their model
could evaluate accurately the critical pressure and crack velocity in S4 configu-
ration, but it lacked precision in the full scale test, especially by incorporating a
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pre-assumed decompression length. Backfill support (only in the FS configura-
tion) was modeled as attached distributed mass to the pipe wall, which during
crack propagation ‘flies off’ as the radial acceleration of the flaring wall becomes
negative. This showed that the backfill plays a very important role in buried gas
pipes, as it increases critical pressure and reduces the crack driving force, as also
observed in steel pipes [66].
Following this work, Greenshields [59] improved the solution by coupling the finite
volume code with a 1-D gas flow analysis. Also by introducing time discretisation,
no prior knowledge of the decompression length was required, thus leading to a
more accurate model for S4.
Zhuang [67] on the other hand used the finite elements program of Kanninen
and O’Donoghue [68, 69] and the backflow pressure decay model described by
Eq. 3.12 - 3.13. He also lacked an accurate outflow decompression length model.
He suggested that during propagation, if a steady state has been achieved, the
material GD could be calculated as an average crack driving force [70] and from
that an equivalent critical pressure could be extrapolated. Once GD was known,
simulations of full-scale conditions could be used to predict the probability of RCP
in field operating conditions. This needed however a series of instrumented S4 tests
to define pressure, average crack velocity and decay length.
It becomes obvious from this review that the implementation and use of these
models by a typical user with no special training in computational methods, is
relatively difficult. The analysis and execution of large codes needs both prior
knowledge to the field as well as computers capable of running them. To overcome
this, Leevers [22] suggested a more basic approach, which could be easily adopted
and run by pipeline engineers or material developers.
3.4.4 Physical Model of RCP in pressurised plastic pipes
Leevers [22] has developed, based on previous work by Williams [71], a simple
analytical model of a crack running axially along an elastic pipe. Using this model
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the dynamic fracture resistance, the crack extension and the crack driving force
can be calculated as a function of the crack speed for FS and S4 testing. The basic
idea to model each of the main features of the problem as simply as possible, so as
to correctly predict trends rather than accurate values. In this way the end user
can have within minutes a clear idea on what are the failure criteria and what
should be avoided both in material and pipe service design.
When expressed mathematically, the model represents RCP in gas pressurised
pipes as a simple dynamic beam bending problem of equivalent cross-sectional
area A, and equivalent second moment of area I, density ρ, deflecting by a crack-
opening displacement u from an elastic foundation of stiffness M per unit length
under an applied pressure p(z) acting on a projected area Ap per unit length. The
equation of motion governing this problem is:
EI
d4u
dz4
+ ρA
d2u
dt2
+Mu = Ap · p(z) (3.14)
After correlating the model with the energy balance during RCP, including the
kinetic and strain energy term, Eq. 3.14 comes to standard form:
[
D4 + α2D2 +m
]
u = Lp∗f(ζ) (3.15)
where L is the decompression length, α is a geometry-sensitive dimensionless crack
velocity, m is a dimensionless flaring modulus, p∗ is a dimensionless crack-tip pres-
sure and f(ζ) is a dimensionless pressure distribution, f(ζ) defined within 0<ζ<1,
with f(0) = 1 and f(ζ>1) = 0. This pressure distribution follows the linear decay
shown in Fig. 3.9.
Eq. 3.15 does not have a general analytical solution and it only falls into the
ordinary linear differential equation category once the support-backfill term is
neglected. For the specified boundary conditions u(0) = u′(0) = 0 and u′′(1) =
u′′′(1) = 0 the solution becomes:
u = L · p∗ · 1
a2
· [1
2
ζ2 − 1
6
ζ3 +
1
a2
(ζ cos a− sin a
a
) +
1
a3
sin(a− aζ)] (3.16)
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Employing the analytical solution u(ζ), all the energy components of the problem
such as the external work, kinetic, foundation and residual energies can be calcu-
lated. The strain energy stored in the flaring pipe wall at the end of the control
volume can also be calculated from Eq. 3.16 and finally an expression for the
overall crack driving force G can be obtained.
Zhuang [72] derived a more satisfactory solution using the least squares method
and by minimizing the residual value between the true solution and the solution
with the neglected term, he came up with a multiplication factor Ψ that transforms
Eq. 3.16 to:
u = L · p∗ ·Ψ · [1
2
ζ2 − 1
6
ζ3 +
1
a2
(ζ cos a− sin a
a
) +
1
a3
sin(a− aζ)] (3.17)
Fig. 3.10 shows typical simulated crack driving force curves for PE80 Ø250 in FS
and S4 configuration, obtained from the least squares method [22]. The shape of
the curves and the peak resemble previous findings [42, 69], while the maximum
crack velocity that drives RCP in S4 is around 100 m/s. Similar to experimental
observations [60] the crack speed is much higher in FS, reaching 200 m/s, which
is in accordance to the model’s predictions.
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Figure 8: RCP driving force for PE80, 250 SDR11 pipe at 0°C; static discharge out?ow model
Figure 8 shows '  A˙ 	 results for a range of S4 pressures below the normal maximum usable 5
bar, and for several FS values which give similar peak values. The shape of these driving force
curves now closely resembles that computed using Finite Element ([6]) and Finite Volume ([3],
[2]) methods. If the RCP resistance 'D remains sensible constant above 100 m/s, the critical
condition is reached when each bell-shaped curve has risen, with increasing pressure, to meet the
same value. The S4 test will drive the crack at about 100 m/s, the FS test at about 200 m/s — as
observed.
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Figure 9: RCP driving force for PE80, 250 SDR17.6 pipe at 0°C; static discharge out?ow model
3.2 Wall thickness and material toughness
However, Fig. 8 seems much less realistic. Although it is realistic to choose test pressures lower
than for SDR11 and to aim for ' values which are higher (because thinner sections of these
materials are tougher), test pressures for the FS test are very low indeed.
3.3 The in?uence of back?ll
Although the translation from a fracture resistance to an S4 critial pressure using this model
seems convincing, the corresponding critical pressure predicted for an FS test is too low. The
17
Figure 3.10: Crack driving force for PE80 Ø250 SDR11
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One of the main objectives of this project was to improve the accuracy of the model
and so with the aid of computer mathematical packages, a numerical solution was
obtained for Eq. 3.15 and in parallel an investigation for the least possible error
between that and the solution (Eq. 3.16 and 3.17). All of them were compared
to the solution Zhuang [72] proposed and an overall better error decrease was
accomplished. In the following chapters a new crack opening profile using finite
differences was investigated and implemented in the model after experimental
observation of RCP in S4 tested PE pipes.
3.4.5 Rapid crack propagation model comparison
In order to evaluate the accuracy of the basic physical model, it was compared with
previous, more elaborate computational models. The complexity of these models
however, lacked certain key aspects, such as varying pressure decay length and
repetitive processing speed. The physical model can calculate the decompression
length by introducing a discharge time and through an iterative process it derives
the crack driving force over a range of crack velocities, which is also dependent
on the crack opening profile, line pressure and the flaring modulus, within sec-
onds. The suggestion of a discharge time originated from Greenshields [61], since
depending on the crack speed the area of the cracked vessel, out of which the gas
escapes, changes thus the time and the outflow length vary accordingly. Table 3.1
and Fig. 3.11 present a comparison between the finite volumes (FV) suggested by
Ivankovic [60] and the current model.
Table 3.1: Comparison of models in S4 configuration for PE80 Ø160 SDR11
Model FV Physical
Temperature (°C) 0 0
Pressure (bar) 1.72 1.72
Decay Length (×D) 3 3.6
Crack speed, a˙max (m/s) 140 79
Crack driving force, Gmax (kJ/m
2) 2.99 2.55
Difference in Gmax (%) - -14.7
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Figure 3.11: Crack driving force comparison for PE80 Ø160 SDR11 in S4
configuration
Although the physical model estimates lower crack velocities, the maximum values
of the crack driving force from these two very different models differ by less than
15%. This is also the case at higher pressures in full scale configuration (Table 3.2),
where the driving force difference is about 10% from the referenced finite volume
model. However, once backfill support is introduced for the FS case, both models
Table 3.2: RCP models comparison in FS configuration for PE80 Ø160 SDR11
without backfill support
Model FV Physical
Temperature (°C) 0 0
Pressure (bar) 3 3
Crack speed, a˙max (m/s) 175 90
Crack driving force, Gmax (kJ/m
2) 6.17 6.84
Difference in Gmax (%) - +10.8
seem to agree that the crack driving force is dramatically reduced (by more than
50%). The physical model, simulates wet gravel backfill as an incompressible solid
expanding radially with the pipe wall, and is therefore equivalent to an increased
pipe density. The FV model attaches it as distributed mass to the pipe wall, which
will detach and absorb the flaring wall kinetic energy as radial acceleration ceases.
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Using a typical backfill to pipe mass ratio of 3.5 and a constant decompression
length of 1.5 diameters, the results in Table 3.3 show fair agreement, for an effective
density value in the physical model of about 10 Mg/m3. On the other hand, when
Table 3.3: RCP models comparison in FS configuration for PE80 Ø160 SDR11
with backfill support
Model FV Physical
Temperature (°C) 0 0
Pressure (bar) 3 3
Outflow length (×D) 1.5 1.5
Crack speed, a˙max (m/s) 107 105.6
Crack driving force, Gmax (kJ/m
2) 1.80 2.33
Difference in Gmax (%) - +30
compared to the FE model, which also incorporates the ‘arrestor’ effect of the cage
rings, the physical model seems to underestimate the value of the crack driving
force both for full scale and S4 (Table 3.4).
Table 3.4: Comparison of RCP models in S4 and FS for Ø250 SDR11
Model FE Physical
S4
Temperature (°C) 0 0
Pressure (bar) 2.07 2.07
Crack speed, a˙max (m/s) 100 78.2
Crack driving force, Gmax (kJ/m
2) 7.5 5.75
Difference in Gmax (%) - -24
Full Scale
Pressure (bar) 3.11 3.11
Crack speed, a˙max (m/s) 176 80
Crack driving force, Gmax (kJ/m
2) 6.93 3.98
Difference in Gmax (%) - -42.5
Considering however that Table 3.2 presents the results for Ø160 SDR11 and that
the crack driving force is dependent on the pipe diameter (Eq. 3.11), it becomes
obvious that the FE approach has more consistent results for full scale testing since
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the crack speeds are closer to experimental data. Nevertheless, the maximum
values do not differ significantly, and this clearly shows the applicability of the
model to various service conditions. While the FV model uses the ejected added
mass approach when the radial acceleration of the pipe wall reaches its maximum,
Zhuang [72] used an equivalent external pressure analogous to the backfill depth
and applied to the pipe wall shell elements by a spring stiffness varying accordingly.
3.5 Conclusions
The primary objective of this chapter is to give a brief background on the fracture
mechanics concepts and methods employed during crack propagation. An intro-
duction as well as a comparison between current and previous RCP models was
presented, showing the advantages and disadvantages of each approach.
In the following chapters, fracture resistance determination methods will be in-
troduced considering the different fracture regimes that have been described, with
detailed analysis of results using the concepts referred to in this chapter.
Chapter 4
Plane Strain Fracture Resistance
of Polyethylene
In order to evaluate the rapid crack propagation performance of a polyethylene
pipe without conducting full scale or S4 tests, the usage of fracture mechanics
analysis and the testing of small scale (e.g. reactor batch) samples is essential.
For a gas pressurised pipe the crack driving force (G) depends strongly on crack
speed as well as on pressure, hence its calculation becomes very difficult.
As mentioned in Section 3.2, when RCP is sustained in PE, two completely dif-
ferent fracture surface morphologies can be distinguished. The first one, near the
centre of the path, where plane strain conditions dominated (Fig. 4.1), shows flat
and brittle fracture. The second one, near the free surfaces of the pipe, where
plane stress conditions prevailed, show considerable plastic flow leading to the cre-
ation of a ‘shear lip’. The amount of fracture energy per unit area dissipated in
the latter is much higher than in the former and so the analysis using linear elastic
fracture mechanics (LEFM) can clearly combine these two fracture regimes. The
effective GD can be expressed in terms of plane strain G1D and plane stress G2D
components as [54, 73]:
GDB = (B − 2s)G1D + 2sG2D (4.1)
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where s is the width of the plane stress region at each edge of a crack path of total
thickness B.
s
s
B
Figure 4.1: Crack tip plastic zone: plane stress-plane strain [25]
The plane strain dynamic fracture toughness (G1D) of PE pipe material can be
measured by two methods: the high speed double torsion test [47, 74, 75] and the
hydrostatic S4 test [48]. Although these tests can directly give values for G1D, they
are much less commonly used to evaluate materials than the Charpy test. Using
the instrumented Charpy method of ISO 17281, the transition temperature TBT
can also be obtained, as well as a value for the impact fracture toughness Gc of the
material. However, the crack initiation energy Gc at normal impact test speeds is
usually much higher than the dynamic fracture resistance GD during propagation
at the crack speeds of interest.
4.1 The Hydrostatic S4 Test
Although most of the work in RCP involved gas pressurised pipes, the first tests
that provided published results on plastic water pipes, were carried out on behalf
of the Water Research Centre in 1984 for Ø250 mm MDPE pipes [76]. These
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tests showed that RCP could not occur in 100% water pressurised pipes at a
pressure below 20 bar unless a small amount, of about 10% in volume, of air (or
nitrogen) was introduced. That amount decreased the critical pressure almost by
half, reaching the much lower values of 100% air pressurised pipes [77].
This result showed that the flaring of the pipe walls by the escaping gas, is what
primarily drives the crack. Thus when the pipe is pressurised with full water con-
tent, then calculation of the crack driving force using Eq. 3.11, obtained by Irwin
and Corten [62], can be applied directly once steady RCP occurs at a given pres-
sure. The critical pressure evaluated from a series of tests at the same temperature
can then be substituted in Eq. 3.11 to obtain G1D. The method has been thor-
oughly employed and described by Greenshields [48, 63], and the same procedures
were followed during the present tests. Equation 3.11 does not however account
for pipe wall thickness effects. Since most of the plastic pipelines (with line pres-
sure >7 bar) in service can be classified as thick walled (SDR <20), a correction
factor has to be employed in order to calculate G1D accurately. This factor should
also include the strain energy content of water calculated by Greenshields [63], but
since it is quite low this is not included in the analysis. So Eq.3.11 transforms to:
G1D =
pip20
8E
D · (SDR− 1) (SDR− 2)
[
1 +
2 (SDR− 2)
SDR2
(v − 1)
]
(4.2)
where SDR is the diameter to pipe wall thickness ratio, v the Poisson’s ratio and
E the dynamic Young’s modulus. This correction has an uncertainty margin of
less than ±0.03 for SDR >10 and in our case of SDR =11 and v = 0.40 gives a
value 10% higher than the conventional thin wall solution.
In order to obtain RCP in water pressurised pipes, the use of an internal metal core
is essential, since the decompression wave in water is much faster than the crack
speed, thus leading to a sudden drop in the fluid line pressure which decreases the
crack driving force to zero. The metal core reduces this speed and allows only a
thin film of water to come in contact with the specimen, hence reducing its strain
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energy content. The assembly used is shown in Fig. 4.2 and the essential features
of the test are listed in Table 4.1.
Figure 4.2: Hydrostatic S4 test assembly schematic
Table 4.1: Part list of the hydrostatic S4 test assembly
Assembly Number Description
1 Pressurised Air Inlet
2 Water Reservoir
3 Striker
4 Pipe Specimen
5 On/Off Valve C
6 Retaining Nut
7 Refrigerated Water Reservoir
8 Sealing End Cap
9 Magnetically Coupled Pump
10 On/Off Valve B
11 Aluminum Solid Core
12 Initiation Zone (Anvil)
Since water freezes at 0°C, the hydrostatic tests had to be carried out at a higher
temperature. During the tests, cooled water of 3°C was used and the pipe speci-
mens were kept in an industrial freezer at the same temperature in order to min-
imise heat loss during the test. The bore of the pipe was axially notched using a
razor blade and a lathe, thus leaving the remaining area under plane strain condi-
tions. During the analysis the reduced thickness of the pipe was taken into account
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using a thickness scaling factor by measuring the fractured surface thickness after
the test. The notch had very good consistency over the length of the pipe with
less than 10% error and with an average depth of 1.5 mm. The grade tested was
606SC026 (PE-100) using a Ø63 mm (SDR 11) size pipe. The critical pressure
obtained at 3°C, was PcS4 = 17.9 bar. Using a typical value for dynamic Young’s
Modulus (method and values will be presented further on), the value for the plane
strain fracture resistance was evaluated at G1D = 3.2 kJ/m
2 without including the
strain content of water. This value is in accordance with previous findings for this
type of resin [14, 26, 48] and the experimental value was comparable to the one
from the thermal decohesion model [49].
4.2 Dynamic Young’s Modulus Measurement
In order to use Eq. 4.2, the dynamic Young’s Modulus of the material is needed.
Previous researchers [14, 26, 48, 78] have found that this value is about 2-3 GPa
(at 0°C) for polyethylene, depending on temperature and material designation.
Methods such as high strain rate tensile tests or high speed flexural tests could
have been employed but the one that is most feasible and provides consistent
data is the use of ultrasound (Fig. 4.3). The use of ultrasound for material
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Figure 4.3: Apparatus and technique of the ultrasonic modulus test
characterisation is well established [14, 48, 79] and the analysis of the data obtained
is straightforward and easy. It is based on the flight time that a longitudinal and
shear wave takes to cross a material of specific thickness. By measuring this time,
we can obtain the speed of the wave and thus calculate the Young’s Modulus and
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the Poisson’s ratio. The apparatus used is shown in Fig. 4.3 as well as the parts
of the assembly. Using a digital oscilloscope to capture the echos of each surface,
the shear and longitudinal wave speeds can be calculated by Eq. 4.3.
CL/S = 2t/Tfl (4.3)
where C is the wave speed, t is the thickness of the specimen and Tfl is the flight
time between corresponding features of the incident and transmitted waves. The
longitudinal and shear modulus can be obtained from equations 4.4 and 4.5 re-
spectively.
L0 = C
2
Lρ (4.4)
µ0 = C
2
Sρ (4.5)
where ρ is the density of the specimen. The dynamic elastic modulus and the
Poisson’s ratio can then be calculated by:
E =
µ0(3L0 − 4µ0)
(L0 − µ0) (4.6)
v =
(L0 − 2µ0)
2(L0 − µ0) (4.7)
Using the above equations, values were obtained for three PE grades and these
(Table 4.2) are very close to previous findings [14, 26, 48, 63, 78]. The temperature
Table 4.2: Dynamic Young’s Modulus values at 20°C
Material ED (GPa) Poisson’s ratio (v)
P100 Co 2.03 0.39
0702C004 2.10 0.40
606SC026 2.02 0.39
dependence of Young’s Modulus for these grades can be expressed as:
ED = 3.17− 0.0427× Ts(GPa) (4.8)
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where Ts is the specimen temperature in °C and 3.17 GPa is the typical PE100
modulus at 0°C. For PE80, a similar relationship can be established, using 2.62
GPa as the reference elastic modulus and -0.037 GPa/ °C as the temperature
sensitivity.
DMTA tests were also carried out for a range of temperatures although the method
is sensitive to specimen preparation and testing parameter settings [80]. A typical
test frequency should lie between 85-100 Hz (for a S4 test with crack velocity of
150 m/s), however both lower and higher rates were employed. As it can be seen
from Fig. 4.4 there is a significant difference between ultrasound tests and DMTA,
mostly attributed to the high frequencies used during the ultrasound method (usu-
ally 0.1-1 MHz). Using DMTA at very low testing frequencies, Khonakdar [81]
found similar results for HDPE that can be correlated with ultrasound values. On
the other hand, using a stress relaxation technique Bilgin [82] suggested a power
law function for design purposes, with the equivalent instantaneous modulus being
closer to DMTA results of 10 Hz obtained by O¨zbek [13]. These differences could
be attributed to the structural parameters of the resins since HD, MD and LDPE
refers only to density and does not account for Mw and MFI. Also, the ultrasound
tests as well as Bilgin’s and O¨zbek’s results were obtained from pipe specimens
while the DMTA of the study materials was performed using compression moulded
ones, thus orientation effects and the through wall crystallinity gradient could also
play an important role.
HDPE Ultrasound
MDPE Ultrasound
Bilgin HDPE [82]
Bilgin MDPE
Ozbek 10 Hz HDPE [3]
Khonakdar 1Hz HDPE [81]
Khonakdar 1Hz LDPE
DMTA 1 Hz MDPE
DMTA 10 Hz MDPE
DMTA 10 Hz HDPE
DMTA 100 Hz HDPE 
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Figure 4.4: Dynamic Young’s Modulus
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4.3 The High Speed Double Torsion Test
Initially, the double-torsion (DT) fracture mechanics test method was used for
the determination of fracture parameters for brittle materials by Gerry [83], and
Kies and Clark [84]. The method was particularly useful for investigating crack
growth in rate-dependent systems as well as for fracture-toughness evaluation of
very brittle materials such as ceramics, cements and brittle polymers and metals
[85]. Of particular significance in the former category is the generation of crack
velocity versus stress intensity or fracture energy data graphs for characterising
material behaviour under particular test conditions (plane strain).
The double torsion geometry had been mostly employed for the fracture study of
brittle materials at moderate loading rates (5 mm/ min) but the test was later
used to measure crack resistance in HDPE [86] and showed that its applicability
could be extended to very ductile polymers as well. Recently it has also been used
for remaining life prediction under slow crack growth [74] and calculation of the
fracture toughness of thin plates [87].
However, these slow rates, compared to the crack velocities of 150-200 m/s during
RCP, led to the development of the High Speed Double Torsion test (HSDT test)
by Leevers [47] followed later by Wheel [78] and Ritchie [50]. The original config-
uration employed a gas propelled striker that was driven perpendicularly onto a
large (100 × 200 mm) thick plaque specimen (Fig. 4.5). The sample’s underside
contained a ‘V’ groove, machined along its axis, which provides guidance for the
crack front. The sample rests symmetrically on four supports and as the striker
loads both sides of the notch, both halves start rotating with opposite angular
velocities.
The torsional wave initiates impact fracture, and the crack is then driven at con-
stant speed by the continued constant rotation of each half of the sample. Embed-
ded at the crack load plane supports are two load cells connected through charge
amplifiers to a digital oscilloscope measuring the load signals, and the crack length
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1.2 Background 
The High Speed Double Torsion test (HSDT test) was developed by Leevers [1] and later by 
Wheel [2] and Ritchie [3]. It is used to determine the dynamic fracture resistance GD, which 
is a geometry-independent property and is one of the main variables influencing the critical 
pipeline pressure. The resistance to the crack propagation is a measure of the dynamic 
fracture resistance GD, which has to be exceeded by the work done by the crack extension 
force in order to sustain the rapid crack propagation (RCP). RCP is induced in small test 
samples of the pipe materials and GD is calculated from the resulting crack velocities. GD 
then permits comparing the performance of different pipe materials.  
The basic principles of the test are governed by the Griffith’s theory. Using Griffith’s energy 
balance approach, the crack driving force, GD is determined by calculating the imbalance 
between the rate at which external work is supplied to the specimen, dUW/dt, and rates of 
increase of kinetic energy, dUK/dt, and strain energy, dUs/dt. 
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Figure 1.1 The High Speed Double Torsion (HSDT) test. [1] 
Figure 4.5: The High Speed
Double Torsion Test [74]
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2.7 High Speed Double Torsion 
 
  The high-speed double torsion test (HSDT) [5, 7] was developed to measure the plane 
strain fracture toughness of a polymer at different crack speeds. It consists of two fast 
moving strikers, which load the specimen plaque (10x100x200 mm) perpendicularly (Fig. 
2.16) just like the Charpy test.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.16. Comparison between HSDT and normal Charpy test 
 
  Specimens from a selection of pipe grades will be tested and the values obtained will be 
correlated with the thermal decohesion model and for one grade (606SC026) with the 
hydrostatic S4 test as well. In this way, testing can be avoided for future developed resins 
and the model [7, 8] can be used solely for the estimation of plane strain fracture 
toughness. 
 
  Preliminary tests carried out during the development of the testing rig have shown that 
the results are consistent with previous findings. A PE-100 grade was tested at two 
temperatures and the values obtained were: GD  20ºC= 2.3 kJ/m
2 and GD 0ºC= 3.3 kJ/m
2. 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6: Comparison
between HSDT and normal
Charpy test [73]
history is monitored using a resistive crack length gauge marked on the lower sur-
face of the specimen. Resistances are painted onto the sample using graphite paint
connected in the groove with a layer of conductive silver paint which is broken by
the crack.
The length of the specimen allows a long recording period of the crack growth,
typically 120 mm, unlike the Charpy test, where the crack propagates only for
a mere 10 mm (Fig. 4.6). The increased specimen length produces a constant
load and a curved crack front that simulates the one observed during RCP. The
introduction of the deep notch ensures that plane strain conditions dominate the
fracture and an initial end notch promotes stability of the crack speed at the initial
stage of the test. Thus, by varying the striker speed the plane strain dynamic
fracture resistance G1D can be determined at different crack velocities. G1D is a
geometry-independent property and is one of the main variables influencing the
critical pipe pressure [14].
Using Griffith’s energy balance approach, the crack driving force, G is determined
by calculating the balance between the rate at which external work is supplied to
the specimen, dU1/dt, and rates of increase of kinetic energy, dU4/dt, and strain
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energy, dU3/dt.
G =
1
Wa˙
(
dU1
dt
− dU3
dt
− dU4
dt
)
(4.9)
The basic form of this analysis assumes linear elastic behaviour throughout the
specimen with straight crack front under quasi-static condition [75]. The quasi-
static condition suggests that the specimen begins to crack from a notch of zero
length instantaneously after the impact at a constant velocity, a˙, being undeformed
beyond the crack front at all subsequent time. Although Wheel and Leevers [88]
produced a nonlinear elastic dynamic analysis for the HSDT test, during this study
a linear elastic analysis was used, with a crack-velocity dependent correction factor
account for the static crack driving force depletion by the kinetic energy. This leads
to Eq. 4.10 for the calculation of the plane strain fracture toughness.
G1D =
M2
µoKW
[
1−
(
a˙
CT
)2]
(4.10)
whereM is the applied end moment induced by the striker,W the fracture surface
width, a˙ the crack velocity, CT the torsional wave speed, µo the shear modulus of
the material and K is a tabulated function of the beam cross section [89].
HSDT tests were carried out for three grades at three different temperatures. Com-
pression moulded 1 rectangular plaques of 100 × 200 × 10 mm, were introduced a
3 mm ‘V’ notch using a horizontal milling machine. Because of the high scattering
of the previous method, a newly developed technique was employed [90] for the
estimation of the crack velocity. Instead of the painted graphite and silver lines,
10 copper wires of 0.2 mm diameter were embedded into the sample surface (using
a soldering iron) and connected to an electronic circuit (Figures 4.7-4.8).
As the crack front advanced, the copper wires broke in sequence (Fig. 4.9). Each
breakage was registered using a latch, constructed from two NAND gates (Fig.
4.11) and the latch outputs were amplified using an adder-subtractor circuit to
give a staircase signal (Fig. 4.12). The dissipated energy during the fracture of
the wires was very small (0.03 kJ/m2) and was taken into account during the
1The procedure will be presented in detail in section 4.9
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Figure 4.7: Diagram of the
wire method
Figure 4.8: Embedded cop-
per wires above the ‘V’ groove
Figure 4.9: Fractured HSDT
specimen
Figure 4.10: Detail of the
HSDT specimen
calculation of the specimen’s plane strain fracture toughness. Table 4.3 presents
the fracture resistances calculated for three materials which were tested at two
different temperatures (0, 20 °C).
The values obtained are in good agreement with previous experimental findings
[50, 78] for grades with similar density and molecular weight distribution. Also it
can be clearly seen that with the increased impact velocity higher crack speeds are
achieved, while the toughness remains relatively constant with temperature and
much lower than Gc. In the following section, both the hydrostatic S4 and the
HSDT will be compared to a general model of impact and dynamic brittle fracture
in thermoplastics, comparing plane strain fracture toughness values.
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Table 4.3: HSDT G1D results
Material Temperature Crack Speed G1D
ID (°C) (m/s) (kJ/m2)
606SC026 0 260 4.6
P100 Co 0 170 5.9
P100 Co 0 270 2.7
0702SC004 0 450 2.7
606SC026 20 125 3.3
606SC026 20 213 3.1
P100 Co 20 190 6.7
P100 Co 20 270 5.4
0702SC004 20 200 4.0
4.4 Thermal Adiabatic Decohesion Model
Although both of the methods that were described previously have been employed
in the past to obtain plane strain fracture resistance, the amount of work, prepa-
ration time and expense surrounding them is quite large. In order to obtain G1D
values for a certain resin, either pipe specimens must be extruded (for hydrostatic
S4), or using a compression moulding machine, plaques must be moulded. Then
introducing a V-notch with the use of a milling machine and using either the
graphite spraying method or the embedded copper wire for the crack speed cal-
culation means days of preparation, always assuming that the testing equipment
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is available to the researcher. Thus some way of modelling plane strain fracture
toughness becomes imperative, especially for RCP which is crack speed dependent.
The concept of fracture by thermal separation through a partial melting and re-
crystallisation mechanism is not new and had previously been expressed by Peter-
lin [91]. Yielding and deformation of polymers in general proceeds with a locally
restricted adiabatic heating of the necking zone increasing the specimen tempera-
ture by almost 70°C for moderate tensile speeds [26]. Leevers [49] proposed that
during RCP, the crack tip craze of the fracture surface undergoes a self-sustained
melting of a polymer layer of one molecular chain length in thickness (Fig. 4.13).Impact and dynamic fracture 111 
Separation 
Crack tip 
opening, 5 
i t  
Crack 
Bridging chain 
.... Stable cold drawing 
~ ~ of craze fibrils 
Craze length c 
Fig. 1. The crack-tip craze in a polymer, modelled as a cohesive zone. 
and 
G = - - ,  (2) 
O" c 
where G is the crack driving force and E the elastic modulus of the surrounding continuum. 
Eliminating G between (1) and (2) emphasises that the fracture resistance Gc is determined by 
whatever separation criterion limits ~ or c to a critical value. The craze, having eliminated the 
stress singularity, removing the crack extension mechanism which it provided, must survive 
or grow in order to resist crack propagation. 
For PE, the term 'craze' is contentious. Extensive cold drawing of a primordial layer of 
extending voids and microcrazes [13] generates a quasi-cellular line zone much larger than 
that in amorphous polymers. Even in glassy polymers, work hardening within each fibril 
localises ductile deformation within an active zone [14] at each of its ends. At high rates, 
adiabatic thermal softening due to this process could localise it still further. In crystalline 
polymers, lamellar orientation can be expected to intensify both work hardening and strain 
localisation. The present model therefore visualises the cohesive surface of the CZ in a tough 
semicrystalline polymer as a drawing front of negligible thickness, propagating outwards into 
the bulk material under the initial flow stress, ac = av (Fig. 1). 
For a crack running at high velocity h, G = Gc = GD, and the average speed 5: of the 
drawing front from the crack median plane can be used to characterise a mean plastic strain 
rate within the craze 
- - - a  - - . ( 3 )  
The exact strain rate profile within a Dugdale CZ is not difficult to work out: along much 
of it, ~v is 2-3 times higher than that given by (3), but this will not significantly affect our 
argument. 
Table 1 lists properties for the two polyethylenes of interest. The flow stress ~r v was 
measured in compression at appropriate mean plastic strain rates, using a Split Hopkinson 
Pressure Bar method - in which, as in a drawn fibril, the plastic strain rate is averaged across 
Figure 4.13: The crack-tip craze in a polymer, modelled as a cohesive zone
[49]
This enthalpy of both newly created surfaces melt layers, along with the surround-
ing material heating, is equivalent to the dynamic fracture resistance G1D. During
RCP and crack propagation it is expressed as:
G1D = 2s¯wρ
[
1
Y (Zp)
· cp · (TM − T ) + ∆Hf
]
(4.11)
where cp is the average specific heat capacity at c nstant pressure between the
specimen temperature T and TM, the melting temperature. ∆Hf is the latent heat
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of fusion, s¯w the weight averaged mean chain length and Y (Zp) is an integrated
exponential function defined as:
Y (Zp) = 4
[(
Zp
pi
)1/2
· exp(−Zp)− Zp ·
(
1− erf (Z1/2p ))
]
(4.12)
where
Zp =
(s¯w · σy)2 a˙
2pi · κEGD (4.13)
G1D can be iteratively solved as a function of crack speed a˙ for a specific thermal
diffusivity κ, and material yield stress σy.
However, this crack-speed dependent ‘conduction efficiency factor’ ( Y (Zp)) ap-
proaches zero at low speeds (because so much heat is diffused into the substrate)
and passes through a broad maximum, near Zp = 0.187, of about 0.405. Thus the
predicted minimum crack resistance transforms to:
G1Dmin ≈ s¯wρ [5cp · (TM − T ) + 2∆Hf ] (4.14)
This minimum G1Dmin corresponds to equivalent crack speeds between 100 and
250 m/s, which comes into good agreement with experimental data, where at that
range of speeds the crack driving force reaches its highest values and RCP occurs.
At lower speeds the model predicts higher fracture toughness values (because of
the high level of heat diffusion into the bulk polymer) leading to increased RCP
resistance and prompt crack arrests since the crack driving force is also much
lower.
During this study the plane strain fracture resistance of all the materials was
calculated using the adiabatic thermal decohesion model and the values of cp, TM
and ∆Hf were measured using Differential Scanning Calorimetry (DSC). However,
both the heat capacity and the heat of fusion change with temperature, therefore
data for the thermodynamic properties of crystalline PE from Gaur and Wun-
derlich [92] were also used (Fig. 4.14-4.15). Disregarding branching, the weight
average chain contour length for PE is s¯w = (Mw/28) × 254 pm. Since Young’s
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modulus is also temperature dependent the final relationship between plane strain
fracture toughness and crack speed can be seen in Fig. 4.16. Table 4.4 shows the
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Figure 4.16: Dynamic plane strain fracture resistance dependence on temper-
ature and crack speed (including experimental points from Table 4.3)
evaluated G1Dmin for the initial batch of materials at 0°C. As expected materials
with higher molecular weight have higher values of plane strain fracture toughness.
This results to higher values of overall fracture resistance GD, leading to lower TcS4
as can be seen from Table 2.4.
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Table 4.4: Predicted dynamic plane strain fracture resistance at 0°C
Material Mw (kg/mol) G1Dmin (kJ/m
2)
606SC026 206 3.13
510SC003 192 2.84
510SC048 193 2.87
605SC011 198 2.93
0701C046 198 2.96
0701C047 189 2.82
0702C004-PE80 172 2.41
P100 Co 207 3.06
606SC012 171 2.55
0707C050 (white) 293 4.29
4.4.1 Impact fracture resistance-crack initiation energy
The crack initiation energy, Gc is the instantaneous rate of energy flow to a crack
tip at the moment of the start of rapid propagation and through LEFM, it is
related to the load at fracture initiation. A thermoplastic’s resistance to impact
fracture initiation is generally greater than that to propagation and can also be
predicted using the adiabatic decohesion model, by using the model to predict
instability of an extending craze under impact. Using heat conduction analysis,
assuming plane stress conditions, the following equation is obtained by Leevers
[49]:
Gc = E
−1/3 (pi · κ)2/3
[
3
2
ρ · cp (TM − T )
]4/3
ψ (a/W ) ·W 1/3 · v˙−2/3 (4.15)
where E is the Young’s modulus, κ is the thermal diffusivity (about 0.3×10−6
m2s−1 for PE at 0°C), ψ (a/W ) is a dimensionless geometry factor (Fig. 4.17),
which is a function of the crack length a over the specimen’s depth W and v˙ is
the load point impact speed.
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Figure 4.17: Geometric function ψ (a/W )
4.5 Brittle-tough transitions in impact
Brittle-tough transitions are common in thermoplastics [4, 14, 37]. They are most
commonly seen as a change in fracture behaviour with increasing temperature. At
low temperatures the fracture regime that dominates is brittle, producing smooth,
glass-like crack surfaces in which plastic deformation is suppressed. At elevated
temperatures fracture is dominated by ductile drawing and crack surfaces show
significant signs of plastic deformation. The transition from one regime to another
is often sharp and abrupt, and can occur with a small change in temperature.
Polymer transitions have been studied in a variety of tests by many authors, who
have identified a range of parameters, apart from temperature, that affect them.
These include thickness [93], strain rate [94] and hydrostatic pressure [95].
4.6 The instrumented Charpy test
The Charpy impact test is a three-point bend test that has been used to measure
fracture properties for over a century [14, 25, 45, 46]. In most cases prismatic
specimens have a notch introduced at their mid-point to increase constraint, and
are then impact loaded by a rapidly moving striker (Figure 4.18). When the test
Chapter 4. Plane Strain Fracture Resistance of Polyethylene 84
is instrumented, the load is measured by a load cell mounted on the striker tip,
as well as the displacement of the striker or the specimen depending on different
experimental facilities. The initial notch is sharpened by pressing razor blade, and
sidegrooves may be used to remove the plane stress regions at the free surfaces in
order to obtain plane strain fracture toughness at moderate high speeds (1 m/s).
In this study the test was instrumented, using a stationary striker, fitted with a
load cell behind its base, while the specimen was moved towards the striker using
a hydraulically controlled cylinder. Figure 4.19 shows a typical load-displacement
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plot for PE tested at 22°C. After impact is established, the load increases until
fast fracture starts. The specimen is then rapidly unloaded until the crack arrests
thus leaving the remaining ligament to be drawn or hinged until complete failure
of the specimen.
The analysis following the tests consists of numerical integration of the load-
displacement signal obtained. Typically the energy is divided into pre- and post-
peak load components. In PE the pre-peak energy does not depend strongly on
temperature and it is the one that determines the fracture toughness of the ma-
terial (Gc). Post-peak energy is temperature dependant, with increasing trend as
the temperature increases. It is attributed to the energy absorbed by shear lip
deformation along the edges of the crack surface, as well as of a ductile hinge at
the back of the specimen (Fig. 4.20).
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Figure 4.19: Load displace-
ment signal for PE 100 at room
temperature [12]
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displacement curve (Fig. 5.9(a)) the energy absorbed during the fracture of the
material is obtained by integrating the area under the curve. The data processing
and integration is done using a Matlab program written for this purpose following
the criteria in ISO CD 17281 for load oscillations.
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Figure 5.9: Interpreting Load-Displacement traces on a specimen surface hav-
ing dimensions of 12×12mm, with a notch of 3mm
After impact, the load increases at a rate corresponding to the notched compliance
of the specimen. The first region of the plot up to the peak load represents
the loading up to the fracture point, and may include the formation of a craze
zone at the notch tip which is later seen on the fracture surface of the material
Figure 4.20: Fracture surface
of an impacted specimen [13]
Besides the brittle to tough transition temperature, the basic mat rial property
that can be obtained from an ISO 17281 test is the fracture toughness Gc, given
as:
Gc =
Upeak
B ·W · Φ(a/W ) (4.16)
where Upeak is the fracture energy absorbed until peak load, B is the thickness,
W is the depth of the specimen and Φ(a/W ) is a geometry dependant, mate-
rial independent, calibration factor which can be obtained either numerically or
experimentally.
Φ(a/W ) =
C
dC/d(a/W )
(4.17)
where C is the specimen compliance. The fraction a/W represents the notch to
depth ratio on each specimen. The notching is done by pressing a fresh industrial
razor blade thus minimizing heating and plasticity effects at the crack tip and the
crack notch depth is measured both prior to and after specimen failure.
The tested specimens with typical dimensions of 12× 12× 70 mm were cut from
moulded plaques, which were made in a compression moulding machine using raw
material granules. The process involved the placement of granules in an especially
manufactured flash mould 12 × 200 × 200 mm in size, heating up the assembly
to a temperature (180°C) well above the melting temperature of PE. After the
granules were melted, a uniform pressure of 10 MPa was applied and the heaters
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were switched off, leaving the melt to cool down to ambient temperature within
1.5-2 hours [96] with a typical cooling rate of -1.5°C/min.
Table 4.5 shows the trend and values of crack initiation energies at 0°C and 10°C
obtained by the ISO 17281 test. It can be seen that the materials with higher
Gc values were also the ones that showed lower TcS4 transition temperatures. The
increased Gc values can be attributed [13] to the higher Mw distributions and to
the bi-modality of the resins.
Table 4.5: Gc comparison for different materials at 0°C and 10°C at 1 m/s
Material Gc (kJ/m
2) at 0°C at 10°C TcS4 (°C)
606SC026 13.1 14.5 +1
510SC003 14.3 14.4 -1
510SC048 15.5 16.9 -5
605SC011 16.4 17.7
0701C046 12.9 13.8 -1
0701C047 9.56 14.8 -1
0702C004-PE80 9.85 11.15 +11
P100 Co 16.6 17.6 -13
606SC012 12.8 14.2 +1
The slight increase in Gc with increasing temperature is expected [12, 13] and can
be explained by refering to the thermal decohesion model. From Eq. 4.15, the
model predicts that when the testing temperature and impact speed are constant,
the initiation energy is proportional to E−1/3. Since a temperature increase re-
sults in a decrease in E, Gc is expected to increase according to the model, as
is observed experimentally. However, the model values exhibit an opposite trend
for the investigated materials, which could be attributed to the Young’s modulus
low temperature sensitivity measured from the DMTA technique. Along with the
results from the ultrasonic testing, Fig. 4.21 shows the experimental data and the
values obtained by the thermal decohesion model at an impact speed of 1m/s.
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Figure 4.21: Gc versus temperature variation
4.7 Brittle-tough transition temperature deter-
mination
As well as the very useful evaluation of the crack initiation energy, the Charpy
test can be used to determine the transition temperature, TBT, [97] of a resin
by establishing the limiting temperature below which brittle crack propagation
is dominant, leaving a smooth and very brittle crack surface. The TBT is closely
related to the mechanisms of energy absorption during fracture including crazing
and the formation of shear bands at the free ends of the specimen, so it is therefore
dependant on the size of the specimen. Thicker specimens tend to exhibit higher
transition temperatures since the thickness constraint leads to plane strain condi-
tions in the majority of the fracture surface, while showing little sign of ductility
close to their free surfaces.
Also the processing of the results is not as straightforward as it seems and the de-
termination of the transition temperature could be easily misinterpreted. Several
researchers [12, 13, 14] have discussed whether this correlation between energy
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absorption and temperature should be based on fracture surface observation or
load displacement traces. Since visual fracture surface observation is susceptible
to errors, in this work it was not pursued further than being a helpful second
reference point.
The use of the U∗ parameter, which expresses the ratio of the energy values (force-
displacement integration from test data) before and after the peak point of a load-
displacement curve, is suggested as one of the more promising methods to evaluate
correct values of fracture transition regimes [12, 13, 17].
U∗ =
Utot − Upeak
Upeak
(4.18)
Figure 4.22 presents load-displacement curves at three different temperatures for
one material (510SC003). Although the temperatures have only a 5°C interval,
the appearance of post-peak energy as the test temperature rises is obvious. Even
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Figure 4.22: Impact bend load traces
at 5°C there is still a subtle energy portion (neglecting load cell oscillations and
general machinery vibrations) that would indicate a transition temperature close
to 0°C. This resolution would not be possible with visual surface inspection and
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without the use of digital recording equipment (compared to previous pendulum
test devices), thus leading to an underestimate of the TBT.
Taking into account the dynamic and inertial oscillations, an error is very likely
to happen, that is why only 0 < U∗ < 0.4 values should be used for extrapolation.
Similar to S4 testing, TBT testing begins at high and low temperatures that will
ensure ductile and brittle fracture are established. Then by testing in the range
between these a first estimate of the TBT can be obtained. The more specimens
tested close to the suspected transition point, the better and clearer becomes the
determination of a sharp transition point. The above procedure was followed
for all the investigated materials and Fig. 4.23 shows a typical diagram for the
determination of TBT for three pipe grade materials.
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Figure 4.23: TBT determination using the U∗ parameter
4.8 S4 correlation with the ISO 17281 Impact
Bend Test
The current work is concentrated on the effect of temperature, which is expressed
through the brittle to tough transition temperature TBT. Clutton [97, 98] found a
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one to one relationship (Fig. 4.24) between TcS4 and TBT in PE pipes using large
impact specimens directly cut from pipes. This correlation motivated the interest
in the investigation of brittle to tough transition temperature for pipe grade resins
thus giving a very valuable estimation for RCP performance.
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Table 4.6: TBT and TcS4 comparison for different materials
Material Brittle-Tough Transition Temperature (°C) TcS4(°C)
606SC026 -5 +1
510SC003 -2.4 -1
510SC048 -7.8 -5
605SC011 -16.5 -10.5
0701C046 -4.2 -1
0701C047 -4.5 -1
0702C004-PE80 +9.6 +11
P100 Co -16 -13
606SC012 -1.9 +1
Table 4.6 shows TBT and TcS4 for all the materials involved in the study. These
differ by about 5°C for most of the resins involved in the initial batch of materials,
however when a wider variety of resins were tested the divergence increased, since
these included pure materials (white in colour) with very low MFI and higher
molecular weight. These materials could not be extruded and their TcS4 was eval-
uated by using the measured impact energy at 20°C. In this method a previously
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defined S4-TBT correlation has been observed and so by comparing the impact en-
ergy of a newly developed grade at a specific temperature with the one suggested
by the correlation, an initial TcS4 estimation could be obtained. This method how-
ever, has been proved to be a poor indicator for for the S4 critical temperature
[17], so the results should be treated with caution.
Fig. 4.25 compares the relationship between TBT and TcS4 with the relation (1:1)
that Clutton suggested [98], for most of the materials involved in the study. Fur-
ther tests, using specimens directly cut from extruded pipes help to clarify which
of the processing conditions (moulding or extrusion) affect the critical temperature
more. These results will be presented in Chapter 5.
4.9 Conclusions
This chapter has introduced the methods that were employed for the determi-
nation of the plane strain fracture toughness of the resins studied as well as for
the estimation of the brittle to tough transition temperature. Also a relatively
simple and straightforward model for the calculation of the minimum plane strain
resistance for both pipe and small scale specimens was evaluated.
The experimental methods used were the hydrostatic S4, high speed double torsion
and ISO 17281 impact bend tests. The first two procedures were compared and
along with the adiabatic thermal decohesion model show reasonably good agree-
ment between experimental and predicted G1D values. The hydrostatic S4 test
is quite demanding and requires extruded pipe specimens, and it can be replaced
by the HSDT test. By employing a new crack speed gauge technique, the HSDT
test has demonstrated that it can evaluate plane strain fracture toughness at a
range of crack velocities, making it an essential part of the analysis of the RCP
phenomenon. On the other hand, if no testing facilities are available, the adia-
batic decohesion model shows very promising results compared to the experimental
methods, similar to findings of previous researchers.
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The initial aim of employing the ISO 17281 impact bend test was to establish a
correlation between a well defined test and the S4 test, since pipe extrusion and
testing is expensive and time consuming compared to the Charpy test. The test
provides a very good index although the induced crack speeds do not compare to
the typical 100-150 m/s seen during RCP. However, when it is instrumented, the
crack initiation energy and TBT can be determined and those can then serve as
classification evidence for the service tolerances and toughness of the resins.
During this study, the materials which had higher molecular weight also showed
higher Gc and lower transition temperature values. Although the crystallinity
percentage was similar for all the tested grades, the TBT ranged from +10 to−25°C,
which suggests that factors such as catalyst and masterbatch may have a stronger
effect. The size of the polymer chains as well as the branching content are closely
related to the catalyst used. The masterbatch is responsible for the pigment (such
as carbon black, titanium dioxide etc) and a range of additive materials used to
improve the physical properties of the polymer e.g. anti-blocking, anti-fibrillation,
antistatic, stability against UV light and oxidation, and IR absorption. Their
influence can therefore be significant both in small scale testing and in S4.
Chapter 5
Plane Stress Fracture Resistance
of Polyethylene
In order to measure the plane stress fracture resistance, the plane stress zone must
first be isolated from the plane strain zone, as it was in the case of plane strain
toughness investigation. Then, the plane strain region is replaced by one with zero
dynamic fracture resistance, by introducing a deeper notch through the specimen
thickness. This is the basis for the Reversed Charpy method, in which the fracture
surface is reduced to a thin ligament of width s.
5.1 The Reversed Charpy test
The Reversed Charpy (RC) test was firstly proposed by Ritchie [50] in order to
isolate the process of plane stress shear lip formation during RCP. Polyethylene
resins behave in a tough or a brittle manner depending on the thickness and
temperature, the fracture process being dominated by shear lip formation above
TBT, which is suppressed below it. The Reversed Charpy test was developed in
order to investigate the shear lip creation between the fast running brittle crack
and the perpendicular free surface alongside, during RCP in pipe. Investigating
crack speed profiles after a pipe has suffered RCP, has shown that the plane strain
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crack front propagates faster, thus leaving the remaining plane stress bore ligament
of the pipe under tension [19]. The RC loading geometry resembles that of the
normal Charpy test except that the notch, which is introduced through >80% of
the specimen’s width, is inverted. This simulates a section of a pipe wall, where
a brittle crack front has already passed [99]. The test geometry is shown in Fig.
5.1.
Figure 5.1: The Reversed Charpy test
The failure mechanisms that occur during the test begin with localised plastic de-
formation at the ‘crack’ (sharp razor notch) tip, as the specimen is initially loaded.
As the load increases the deformation extends from the crack tip towards the bot-
tom free surface in two symmetrical bands that create a 45°degree angle with the
vertical. The remaining ligament between these bands starts to extend as they
reach the bottom surface. Just as in tensile drawing, the ligament width begins
to decrease in the notch plane and plastic strain occurs as the crack tip blunts
and tears. Plastic instability develops until the load drops and the specimen fails.
Testing at lower temperatures and at higher impact speeds results in decreasing
ligament elongation. The energy absorbed has been found to be proportional to
the square of the ligament width (s2) [37]. The result that is obtained through
force-displacement integration is a dissipated energy per unit volume, wp, related
to the plastic work dissipation computed by the Essential Work of Fracture method
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[54]. Thus Eq. 4.1 and plane stress fracture toughness G2D can be expressed as:
GDB = (B − 2s)G1D + 2s2wp (5.1)
At Pmax, the maximum nominal stress can be calculated:
σy =
Pmax(1− 2c/S)
4BWs(1− s/W ) (5.2)
where B andW are the specimen thickness and width, c is the striker-notch offset,
s the ligament width, and S the specimen span [100]. This value correlates well
with the yield stress determined in uniaxial tensile tests at similar strain rates.
All the initial materials that were involved in this study have been tested so as
to evaluate their plane stress fracture toughness and its temperature dependence.
Specimens with typical dimensions of 12 × 12 × 70 mm were cut from moulded
plaques made in a compression moulding machine using raw material granules. A
typical cooling rate [96] of 1.5°C/min 1 was used. For notching, a fresh industrial
razor blade was pressed into the specimen and changed after every three specimens.
Three repetition tests were carried out at each of five different temperatures (-20,
-10, 0, 10, 20°C) and two ligament lengths (3 specimens per ligament). The results
averaged over this temperature range can be seen in Table 5.1, showing that there
is a clear distinction between the materials, with the ones that showed low TcS4
generally having higher wp values.
5.2 Temperature effects on plane stress fracture
resistance
The increased ductility of PE above the brittle-tough transition temperature shows
a rapid increase of the shear lip size which is also supported by the obtained post-
peak energy of the load trace as seen during the ISO 17281 test. As the plastic zone
1Unless stated otherwise, all the results presented in this study are based on this cooling rate
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Table 5.1: Average plastic work dissipation (wp) and σy comparison for dif-
ferent materials
Material Plastic work dissipation wp (MJ/m
3) σy(MPa) TcS4 (°C)
606SC026 31.0 29.4 -1
510SC003 45.7 23.9 -3
510SC048 37.5 25.0 -5
0701C046 47.9 19.4 -1
0701C047 47.7 28.0 -1
605SC011 52.0 24.1 -10.5
P100 Co 54.3 20.5 -13
602SC012 41.6 23.4 +1
0702C004-PE80 38.1 26.0 +11
thickness increases with temperature, the plane stress fracture resistance follows
the same trend [13, 37]. Figures 5.2-5.4 represent a typical load-displacement trace
for one investigated material at three different temperatures. The area under the
curve shows an increasing trend with temperature while at lower temperatures
there is sharp load drop suggesting brittle behaviour. In this case, the results must
be rejected since the specimen undergoes crack extension and fracture, unlike the
expected drawing and necking mechanism.
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Depending on each material structure (e.g. Mw, density, additives etc.), the ef-
fect of temperature on plastic work dissipation was different. The materials that
exhibited low TBT (<-20°C) and TcS4 values showed a definite increasing trend
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Figure 5.4: RC load trace at 20°C
in wp with increasing temperature, while others showed a constant value up to
their transition temperature, then followed by an upward trend. Figures 5.5 and
5.6 show the effect of testing temperature on wp and yield stress for two of the
materials in the study.
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As observed by other researchers [12, 13, 28, 37], the errors involved during the
data processing are quite large, leading to high uncertainties of about 15-25%
in the values of wp. When the energy absorption is normalised to the shear lip
surface, the uncertainties are small. However, once normalised to the shear lip
volume then the scattering increases [37], because the work of fracture is divided
with the squared ligament width (s2). Increasing the testing temperature seems
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to reduce these errors since the drawing stability of the material is higher leading
to necking in the middle of the ligament rather than necking and breaking close
to the free surfaces.
Although the Reversed Charpy method is still under development, it can help
to classify pipe grade resins. The distinction between current PE100 and PE80
materials is shown in Fig. 5.7. The uncertainties which are involved in the test are
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Figure 5.7: Temperature ef-
fect on wp for PE80 and PE100
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and PE100
closely related to the correct ligament measurement as well as to the method itself.
The EWF method, which the Reversed Charpy method is based on, demands
continuous ligament testing with a very strict linearity prerequisite (R2=0.999) of
the fracture work dependence on ligament. This could be achieved at slow tensile
rates, but during impact testing, the induced vibrations, temperature effects as
well as difficulties in creating very thin ligaments in rectangular specimens, have a
negative contribution to the accuracy of the method. Luna [101] has also observed
scattering employing the EWF method when measuring the plane strain toughness
of ABS, using 3-point bend specimens even at low crosshead speeds. So, in order to
analyse correctly the Reversed Charpy testing results, the following assumptions
should be made [13]:
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• At peak load the presence of shear bands across the ligament suggests a state
of uniform tensile stress acting on the ligament, equal to the uni-axial yield
stress of the material (σy).
• There is no horizontal reaction force from the striker or supports.
• The neutral axis of bending is at the centre of the specimen.
In order to evaluate the size effects and the correct ligament measurement of the
fractured specimens, a selection of materials was tested using a new methodology.
This involved the use of an additional ligament size and its measurement using
optical microscopy, as well as increased specimen size.
5.3 Sensitivity of the Reversed Charpy test
Although the Reversed Charpy is not a standardised method for the measurement
of the plane stress fracture toughness like the ASTM F 2231 ‘Thin Charpy’ test, it
provides the user with a quantity in recognition of the volumetric nature of plane
stress deformation. Unlike the F 2231 test, the plastic work dissipation energy,
wp, is determined at higher strain rates, more similar to those during RCP and
at various temperatures, leading to an overall better material characterisation.
The yielding and drawing of the thin ligament is essential to the test. From Eq.
5.1 and 5.2, it becomes obvious that incorrect measurement of the zone could
result in high uncertainties both in the wp and σy values. Previous researchers
[12, 13, 14, 26, 28, 37] have also observed this large scattering and attributed it to
both the method itself as well as the zone measurement. Despite great care exerted
during notching of the specimens to the correct ligament depth, the difficulty arises
when the measurement is made after the testing. Although the razor blade stop
line is easily distinguished, due to high ductility and plastic deformation, the zone
depth becomes hard to measure using conventional digital calipers especially at
higher temperatures, as seen in Fig. 5.9 and 5.10. To address the issue of the
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correct ligament width measurement, specimens were measured using both an
optical microscope and a vernier caliper.
Figure 5.9: Front view of the
fracture surface of a RC speci-
men
Figure 5.10: Side view, show-
ing plastic deformation
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Figure 5.12: Error compari-
son between methods for s=1.6
mm
As it can be seen from Figures 5.11 and 5.12, the errors on both the thickness
of the fractured ligament and the calculation of wp reduce dramatically. The
correct measurement of the broken ligament length area is very important [102]
when determining accurately a resin’s plane stress fracture toughness, but with a
previously unforeseen drawback. The amount of processing needed after testing
increases significantly, because positioning and measuring the specimen under a
microscope requires time and attention.
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5.4 Cooling rate effects on plane stress fracture
resistance
Different moulding parameters (cooling rates) were used in order to investigate
the effect of crystallinity change and of processing conditions during specimen
manufacturing. This would lead to the evaluation of whether the extrusion speed
and spray cooling temperature to which the pipe is subjected during production,
has an effect on RCP performance.
Typically, during extrusion, the outer surface of the pipe is cooled by water spray-
ing jets, so the heat extraction coefficient is much higher [103] than at the internal
surface which is in contact only with still ambient temperature air. In dual-surface
cooled extrusion lines, however, both surfaces are rapidly solidified, leaving the
material little time to develop and form a crystalline spherulitic structure.
In order to simulate this, different cooling rates of 1.5, 10 and 30°C/min were set
during compression moulded plaque preparation. The 1.5 °C/min rate was used
to imitate very slow extrusion procedures, with the bore being air cooled only by
natural convection. The 30°C/min rate was used to represent when the bore is
also cooled by water (effectively submerging the pipe in a water bath), and finally
a typical situation between water and forced convection (blowing air with fans)
could be established using the 10°C/min rate.
For the lowest and highest rates, a flash mould compression machine was used.
Thermocouples were embedded in the middle of a 12 mm thick plaque and readings
were recorded at specific intervals (Fig. 5.14). For the intermediate case, a thermal
conditioning press that had been developed by undergraduate students [13, 104]
was used, and the cooling rate was carefully monitored (Fig. 5.13) down to 80°C
at which temperature PE has completed its crystallisation.
O¨zbek [13] and Paizis [12] observed that with increasing cooling rate, the initiation
energy of PE100 grades and the plastic work dissipation decrease, as crystallisa-
tion is suppressed [105]. However, as it is shown in the following sections, the
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Figure 5.14: High cooling
rate temperature profile
effect on pipe RCP performance seems to be minimal, although the plane stress
zone crystallinity had been reduced dramatically. The results of the cooling rate
modification study are shown in Table 5.2.
Table 5.2: Plastic work dissipation (wp) at 0°C for different cooling rates
Material wp (MJ/m
3) wp (moulded) wp (moulded) wp (pipe)
ID 1.5°C/min 10°C/min 30°C/min as extruded
606SC026 31 46 42 46
0702C004 38 46 45 45
P100 Co 62 64 51 60
In order to evaluate further the cooling rate effects on the specimen microstructure,
DSC tests were carried out on all the supplied materials. Fig. 5.15 shows the
expected crystallinity reduction but also points out the differences between the
materials individual processing sensitivity. For most of the grades, a decrease of
about 6% was observed between slow (1.5°C/min) and rapid (30°C/min) cooling.
This considerable change, that affects plane stress fracture toughness [13, 37], was
not supported by the Reversed Charpy experimental data in which rapidly cooled
specimens have similar or higher wp values with slow cooled ones.
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Figure 5.15 and Table 5.2 suggest that in three of the resins (606SC026, PE80,
PE100 Co) there is a limit above which the cooling rate change has less ef-
fect on crystal formation. This however can only be addressed with the use of
WAXS/AFM so as to measure lamellar thickness and interlamellar distances.
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Figure 5.15: DSC results dependancy on cooling rate
5.5 Effects of processing conditions
Since this was a comparative study, specimens cut directly from pipes were also
tested for plane stress fracture toughness. Although small pipe diameters can only
provide arc shaped specimens, the Ø250 mm SDR 11 pipes already S4 tested in
Chapter 2 have enough thickness to machine the specimens from their bore. The
configuration can be seen in Fig. 5.16, where it should be noted that the specimens
were cut as close to the pipe internal surface as possible, so as to simulate better
the ligament drawing of the pipe bore during RCP. All specimens were cut using
a milling machine, and then left for a relaxation period of 24 hours (so as to
release any bending moments due to residual stresses) before machining to final
dimensions.
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Figure 5.16: RC specimen configuration for Ø250 mm pipes
It can be seen from Table 5.2 that pipe cut specimens and higher cooling rate
specimens have similar values of plastic work dissipation, especially for the typ-
ical extrusion cooling rate of 10°C/min. This shows clearly that the processing
conditions can be simulated effectively in a lab environment when specimens are
prepared and tested carefully.
Nevertheless, the extrusion process may play a more complicated role in the mate-
rial plane stress fracture toughness. Orientation effects of the die have previously
been [12] observed to have great influence on the plane stress fracture resistance.
Although the 10°C/min specimens gave wp values very close to the ones cut from
the pipe bore, the crystallinity percentage of the pipe specimens was much higher,
thus corresponding more closely with the crystallinity values of the 1.5°C/min
cooling rate moulded specimens. DSC results seem to agree very well (considering
that the DSC method has 1-2% χc uncertainty) with this finding as presented in
Fig. 5.19.
Although the small wp difference between pipe and slow-cooled moulded specimens
could be attributed to the uncertainties of the Reversed Charpy method (Fig.
5.17), the difference in yield stress in Fig. 5.18 suggests that there is an underlying
structural characteristic which affects separation by drawing. This phenomenon
will be investigated in the following section, where structural and inter-lamellar
distances will be introduced to explain why rapidly cooled pipe specimens seem
to have similar or higher wp values than slowly cooled, highly crystalline moulded
ones.
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5.6 Correlation of Plane Stress Fracture with
Uniaxial Tensile Properties
During the Reversed Charpy test, it has been observed that the ligament resists
separation by drawing. This observation has been the motive of various researchers
[13, 26, 37] to seek a possible relationship between the Reversed Charpy and
uniaxial tensile test results.
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5.6.1 Uniaxial Tensile Testing
The uniaxial tensile test is considered to be the most widely used for the evaluation
of material mechanical properties. It is used for all kind of materials (metals,
polymers, composites etc.) and one can typically obtain two of the most essential
properties, the yield stress and Young’s Modulus.
Once a specimen is securely fixed in the tensile machine, the application of an
external force, F , will result in the specimen’s increase in length and reduction in
cross-sectioned area. The engineering (nominal) stress is calculated by:
σn =
F
A0
(5.3)
where A0 is the initial specimen area. The equivalent nominal strain would then
be:
 =
li − l0
l0
(5.4)
where l0 is the original length and l is the instantaneous length. However when the
instantaneous cross section area (A) is taken into account then Eq. 5.3 expresses
the true stress and becomes:
σt =
F
A
(5.5)
The true strain is then given by the sum of all the instantaneous nominal strains:
t =
∫
δ =
∫ lf
l0
δli
li
= ln
lf
l0
= lnλ (5.6)
where lf is the final extension length and λ is the specimen’s axial extension ratio,
which can also be correlated with the initial cross section.
λ = A/A0 = l0/li (5.7)
Combining Equations 5.3 - 5.7, the true stress is related to the nominal stress by:
σt =
F
A
=
Fl
A0l0
= σn(1 + ) (5.8)
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A typical load trace curve for PE at 20°C and the dog-bone specimen geometry
used during the tests can be seen in Figures 5.20 and 5.21. Initially the material
follows a linear relationship (Hookean) between load and extension (or stress and
strain), leading to a maximum. From the linear part, the Young’s modulus can be
extracted and the load peak is used to define the yield stress for polymers. From
this point on, necking begins to occur and the load drops as the cross-section
decreases. When stability has been reached due to strain hardening, a clear load
plateau can be distinguished, where the specimen draws surrounding material to
the neck, keeping the cross-section constant. Drawing continues up to the point
where there is no undrawn gauge length left and the cross section then decreases
rapidly leading to increasing stress and fracture. Drawing leads to extremely high
extension ratios with fracture strains typically in the range 250-300% for PE.
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Figure 5.20: Tensile test load
trace at 20°C
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5.6.2 Drawing and necking stability
Depending on the material structural characteristics, each polymer will either neck,
neck and cold draw or deform homogeneously during a tensile test. Vincent [106]
and Ward [4] were the first ones to propose that the necking of a material can
be determined from the shape of the true stress-strain curve, using Conside`re’s
approach.
Chapter 5. Plane Stress Fracture Resistance of Polyethylene 108
Conside`re’s construction method suggests that the number of tangent lines that
can be drawn to a true stress-strain curve from λ = 0 point can define whether
the material will fall into one of the above extension categories. At the peak load,
where the sample is under yield stress, the derivative is zero:
dσn
dλ
= 0 (5.9)
When expressed in terms of true stress, it becomes:
dσt
dλ
=
σt
λ
(5.10)
In order to satisfy these conditions the tangent has to pass through the origin
(λ = 0 point), leading to three different deformation regimes (Fig. 5.22). When
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Figure 5.22: Conside`re’s construction method
Eq. 5.10 is satisfied at two points (Fig. 5.22c), the material will form a stable
neck and cold draw. If it happens at one point (Fig. 5.22b), the material will
form a very localised neck until fracture. In the case of a convex curve where
a tangent line from λ=0 cannot be drawn (Fig. 5.22a), then the material will
only deform homogeneously. Although Conside`re’s construction method is a very
useful tool, models for the deformation of polyethylene are employed so as to reach
a complete material characterisation and to obtain true stress-true strain curves
during necking formation in a tensile test.
Chapter 5. Plane Stress Fracture Resistance of Polyethylene 109
5.6.3 The Haward-Thackray model
By modelling the material using a linear spring, in series with a parallel con-
nected Gaussian spring and dashpot (Fig. 5.23), Haward and Thackray (H-T),
decomposed the true stress-strain curve of glassy polymers into three distinct me-
chanical processes [107]. Under tension, the initial deformation is simulated by the
Hookean spring, representing the amorphous phase extension. Reaching the yield
stress point, the dashpot along with the rubber elastic spring simulate the rate and
temperature dependent deformation and ensure that the model will not immedi-
ately return to its initial state once the load is removed (zero stress). Therefore
at each strain step, the equivalent total strain is the sum of the true elastic and
true plastic strain. For high extension ratios (λ >5), when the polymer chains
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7.5 Haward-Thackray M del
In order to understand and extrapolate experimental data for large strain ex-
tension, it is necessary to fit a material model that can represent the materials’
behaviour. Haward and Thackray [94] introduced a model which analyses true
stress-true strain behaviour by dividing the process into several components (Fig.
7.4).
 
         Elastic Spring 
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Viscous dashpot Draw ratio (!)
True 
stress
Gp(!
2-1/!)
Yp
  "y
  ("t)
Figure 7.4: Haward-Thackray Spring-Dashpot Model, (σt = σy+Gp(λ2−1/λ))
Going up the stress-strain curve step by step: for the first part of the curve,
Hookean deformation is assumed for the amorphous section deformation, which
can be represented by linear elastic spring, where the process is considered as time
independent, and defined by E = stress/strain.
After the yield point, deformation resistance is described by a viscous dashpot,
representing temperature and rate-sensitive flow, in parallel with a rubber-elastic
spring representing post yield deformation. The spring parallel to viscous element
means that the model will eventually return to its initial stage whenever load is
removed [94].
The applicability of the rubber elasticity theory for the strain hardening process
was confirmed by Mills et al. [106] who correlated the deformation of an entan-
gled network with rubber elasticity theory. For this part of the model, different
representations can be used. Initially the Langevin Equations were suggested by
Haward-Thackray [94], where it is assumed that the polymer chain is extended be-
tween permanent points of entanglement until it is nearly straight giving a limiting
Figure 5.23: The Haward-Thackray model [13]
may be extended fully between entanglement points, the Langevin equations can
be used [107] but for lower values, when the polymer coil does not reach a fully
stretched condition, Gaussian statistics can be employed to describe the rubber
elastic s ring [108]. In the latter case, plastic deformation of a H-T material is
represented by:
σt = Yp +Gp(λ
2 − 1/λ) (5.11)
where Gp is the Gaussian strain hardening modulus and Yp an extrapolated yield
stress. As it can be seen from Eq. 5.11, the model does not exte d before the
yield stress is reached, so the first part of Fig. 5.23 is a vertical line, and there is
an intersection at λ =1. Then at constant nominal stress, by applying Eq. 5.10
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to Eq. 5.11 gives:
Gp =
σy
λ2 + 2/λ
(5.12)
The first Conside`re condition of Eq. 5.10 is then satisfied automatically if
σy
Gp
> 3 (5.13)
The second Conside`re condition will then correspond to stable drawing at an
extension ratio (natural draw ratio) λd, transformed from Eq. 5.12 as:
λ2d + 2/λd =
σy
Gp
(5.14)
Hillmansen [109] and Haward [110] showed that the model can be applied to
polyethylene resins using the Gaussian approximation and since the draw ratios
that were obtained during tests reached values between 4.5 and 5.5, the Gaussian
strain hardening modulus will be used along with the yield process proposed by
the Eyring model.
5.6.4 The Eyring model
Eyring [111] suggested that an atom requires certain amount of energy to move
from one position to another inside the solid. Similar to the concept of dislocation
slip [112], the idea suggests that the energy needed to pass a certain barrier height
can be modified by shear stress, σs. The final form of the model can be expressedCorrelation of Plane Stress Fracture with Uniaxial Tensile Properties 136
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Figure 7.3: Eyring model of solid Flow
In this idea, it is assumed that plastic deformation is dominated by shear stress.
With further assumptions that the imposed strain rate is proportional to the net
rate when the forward and reverse jump rates are combined and that the dominant
shear stress in a tensile test is considered to be the maximum shear stress, the final
form of the equation can be expressed as,
!˙y = !˙0 exp
(
−∆H
RT
)
exp
(
σyV ∗
2RT
)
(7.14)
where !˙0 is the reference strain rate, V * is the activation volume indicating the
size of molecular segments that are mobile during the yield process, ∆H is the
activation enthalpy required to transport these segments across a potential barrier
resisting molecular motion, R is the molar gas constant, and T is the absolute
temperature. If Eq. 7.14 is rearranged to determine σy at varying strain rates,
(σy
T
)
=
(
2
V ∗
)[(
−∆H
T
)
+ 2.303R log
(
!˙y
!˙0
)]
(7.15)
is obtained.
Data measured over a range of strain rates at constant temperature can be used to
extract the Eyring rate constants and then make extrapolations outside the range
of the measurements.
Figure 5.24: The Eyring model solid flow
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as:
˙y = ˙0 exp
(
−∆H
RT
)
exp
(
σyV
∗
2RT
)
(5.15)
where ˙0 is the reference strain rate, V * is the activation volume representing
the size of the molecular segments that are traveling during yielding, ∆H is the
activation enthalpy required to move these segments across a potential barrier
resisting molecular motion, R is the gas constant, and T the absolute temperature.
Haward [10] suggested that Yp in Eq. 5.11 can be represented by an Eyring flow
process, therefore Eq. 5.15 can be rearranged to determine σy at varying strain
rates to:
σy =
(
2T
V ∗
)[(
−∆H
T
)
+ 2.303R log
(
˙y
˙0
)]
(5.16)
5.6.5 Adiabatic Heating
The necking of polymers is affected by the dissipation of the energy as heat since
it causes significant softening. It is also affected by the deformation resistance of
the neck because of the strain-rate dependence of the yield stress. This increase
in temperature can significantly decrease the material’s ability to absorb energy,
since both yield stress and modulus are affected.
Leevers [49] considered adiabatic heating of the cohesive zone as a dominant frac-
ture mechanism, followed by extension and separation of the craze micro-fibrils.
On the other hand, Williams [113] correlated the effect of increased temperature
and material softening to slow crack growth for PMMA.
Using thermal imaging Davis [26] measured temperature increases of 40-50°C in
tensile tests on PE at high cross-head speeds of 0.017 m/s. He suggested that
a lower threshold exists below which isothermal conditions can be obtained (Fig.
5.25). Hillmansen [37] found similar results for HDPE (Fig. 5.26), and by em-
ploying a surface heat transfer coefficient of 40 W/m2K and a thermomechanical
conversion factor (β) of 1, simulated the temperature profile along the specimen
length with very good agreement to experimental data.
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This thermomechanical factor can be expressed as the proportion of the work done
during a uniaxial test which is dissipated to heat. The energy balance is:
∆wp = ∆Q+∆U3 (5.17)
where ∆wp is an increment in plastic work, ∆Q is the heat generated during this
increment and ∆U3 is the change in the internal energy. The heat generation can
then be related to the work done as a dimensionless factor β:
∆Q = β∆wp (5.18)
As it can be seen from Fig. 5.25, at slow rates, the heat generated is lost by
conduction, resulting in isothermal conditions. However, above certain strain rates
(∼3×10−3s−1) adiabatic conditions occur since heat generation is much higher
than heat loss, therefore resulting in an increase in the specimen’s temperature.
Drawing stability and fracture extension are greatly influenced by this, leading to
delayed necking and decreased load bearing capacity.
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To calculate these effects quantitatively, isothermal data is applied to adiabatic
conditions by introducing a heating factor:
∆T =
∫
β
σ
ρcpλ
δλ (5.19)
where ∆T is the amount of temperature change, with β = 0 condition repre-
senting isothermal systems and β = 1 representing adiabatic systems. Since the
thermomechanical efficiency (β) is very difficult to determine, a new approach was
adopted, which involved testing of each material at low speed isothermal condi-
tions and then using the Eyring process to extrapolate the data to higher speeds
which are dominated by adiabatic heating [114].
5.6.6 Correlation of Plane Stress Fracture with Uniaxial
Tensile Properties
Experimental observation has motivated the investigation of a possible relationship
between the plane stress fracture toughness, that is obtained from the Reversed
Charpy test, and tensile test results. The tests exhibit several similarities [13]
including:
• In both tests, the loaded cross section is under uniaxial tensile stress.
• Both the gauge length of a tensile specimen and the ligament of a Reversed
Charpy specimen neck and draw after yield.
• In the Reversed Charpy test, the constriction formed at the centre of the
ligament appears to propagate outwards, towards the site of initial shear
band formation in a process similar to cold-drawing.
• Although the strain rates are quite different, the general shapes of the
load-displacement curves are similar. The main difference seen in the load-
displacement traces is that in the case of a tensile test, necking stabilises,
whereas in a Reversed Charpy test, the ligament section continues to neck
down until it separates.
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• The yield stress values obtained from the tests are similar (as it will be shown
further on)
Analysis of Tensile Test
O¨zbek [13, 114] has extensively described the procedure behind the analysis, but
it will be presented here as well, since it is easier for the reader to follow the steps
of the analysis.
Using the Haward-Thackray model with Gaussian rubber elasticity equations and
the Eyring model for the yielding process, tensile tests were carried out to deter-
mine the two main variables (yield stress and draw ratio-strain hardening). Thus,
each material is initially reduced to a constitutive model of two Eyring equations
(Eq. 5.20-5.21), each having three parameters: an activation energy ∆H, an acti-
vation volume V* and a reference strain rate ˙0:
(σy
T
)
=
(
2
V ∗σ
)[(
−∆Hσ
T
)
+ 2.303R log
(
˙y
˙0σ
)]
(5.20)
(
Gp
T
)
=
(
2
V ∗G
)[(
−∆HG
T
)
+ 2.303R log
(
˙y
˙0G
)]
(5.21)
In order to satisfy isothermal conditions, the tests were carried out at three slow
crosshead rates, 0.25 mm/min, 2 mm/min, 6 mm/min corresponding to strain
rates of 2.08× 10−4s−1, 1.66× 10−3s−1 and 5× 10−3s−1 respectively and at three
constant temperatures, 20°C, 40°C and 60°C. These experimental results are then
extrapolated to high speeds (500 s−1) representing adiabatic conditions during a
Reversed Charpy test.
Tensile specimen dimensions and net cross sections were measured before and after
the tests for the determination of the natural draw ratio. These results were used
for the calculation of H-T model parameters which are extrapolated using the
Eyring curves. The Eyring curves were also used for the determination of the
reference strain rate, activation volume and enthalpy values of both σy and Gp for
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each material which are then used to determine a critical β. Figures 5.27 and 5.28
show typical examples of the Eyring plots for σy and Gp respectively. From the
graphs it can be seen that the values of the yield stress and strain hardening (Gp)
to temperature ratio decrease with increasing temperature and while showing a
positive trend with respect to the logarithm of the strain rate.
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Figure 5.27: Eyring plot:
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For each case, the stress-strain curves are integrated for a given value of β, and
then Conside`re’s condition is checked to evaluate whether a 2nd tangent exists.
The critical β at which this 2nd tangent no longer exists, e.g. at which the stable
drawing is lost, is termed as the adiabatic drawing stability, βc. Finally, materials
are rated according to their βc values. The physical meaning of this approach is
that when a polymer is deformed under adiabatic conditions, the extension would
be limited due to premature thermal rupture [37, 115]. A polymer that is capable
of having a second Conside`re tangent under all adiabatic conditions would be
expected to form a stable neck. Although a value of β >1 is physically unlikely
according to Eq. 5.17-5.18, it indicates very high stability for stable drawing under
adiabatic conditions when limβ→0.
Due to time restrictions only seven materials were tested, and the results seem to
agree with O¨zbek’s [114] findings. Progressing a step further and extrapolating
the data using the Eyring parameters to different temperatures and correlating the
βc at the new temperature with the plane stress fracture toughness, a complete
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characterisation of the resin can be obtained. Using also O¨zbek’s [13] data for the
tested pipe grades, the total results are presented in Figures 5.31-5.33 to provide
an alternative to Reversed Charpy testing at 0°C.
Depending on material structure (Mw, ρ, MFI etc.), the increase in temperature
has a different effect in each resin (Fig. 5.30). At -20°C, most of the materials
tested showed brittle fracture regimes, with crack propagation instead of liga-
ment drawing in the Reversed Charpy configuration. This feature however is not
supported in the current analysis version, where even at low initial temperatures
βc >0.5. This limitation could be contributed to the Reversed Charpy test liga-
ment size, in which it is difficult to prepare specimens with very thin ligaments,
leaving only too thick widths for low temperatures.
Both Ritchie [50] and Haward [110] noticed that as testing temperature decreased,
the temperature change at the end of the process increased due to increased adia-
batic heating, leading to a more unstable system (lower βc). This explains the large
scattering at -20°C. On the other hand, at higher temperatures the uncertainties
seem to decrease only by a little, with a marginal positive effect on the adiabatic
drawing stability. This scattering could be attributed to the completely different
structural morphology of the materials involved in the study (narrow molecular
weight distribution, different masterbatch, no carbon black additive etc.) which
was also observed by O¨zbek [13].
The most essential output from these graphs (Figs. 5.29-5.30), is the correlation
between a high speed impact test and a slow tensile test. This suggests that
the laboratory testing necessary can be reduced dramatically and by limiting the
tensile tests to only three crosshead rates and three temperatures, one can obtain
all the necessary parameters for the evaluation of the material properties at various
temperatures.
Figure 5.34 compares the yield stress measured using the Reversed Charpy with
that calculated using Eq. 5.20 and low rate tensile data for equivalent strain
rates. A similar extrapolation method to higher rates has also been followed by
Dean [116]. This yield stress correlation clearly shows the applicability of this
Chapter 5. Plane Stress Fracture Resistance of Polyethylene 117
wp at 0ºC
Ozbek
Ad
iab
at
ic 
dr
aw
ing
 st
ab
ilit
y, 
β c
0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
Plastic work dissipation, wp (MJ/m
3)
0 10 20 30 40 50 60 70 80
Figure 5.29: Correlation be-
tween adiabatic drawing stabil-
ity and plane stress fracture re-
sistance (reversed Charpy)
0606SC026
PE100_Co
0702SC004
0801SC020
PENMWD
Increasing Temperature
Ad
iab
at
ic 
dr
aw
ing
 st
ab
ilit
y, 
β c
0
0.5
1.0
1.5
2.0
2.5
Plastic work dissipation, wp (MJ/m
3)
0 20 40 60 80 100
Figure 5.30: Temperature ef-
fects on βc for different materi-
als
wp at 0ºC
Fit 0ºC
Ad
iab
at
ic 
dr
aw
ing
 st
ab
ilit
y, 
β c
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
Plastic work dissipation, wp (MJ/m
3)
20 30 40 50 60 70 80
Figure 5.31: Correlation be-
tween βc and wp at 0°C
wp at -20ºC
Fit -20ºC
Ad
iab
at
ic 
dr
aw
ing
 st
ab
ilit
y, 
β c
0
0.5
1.0
1.5
2.0
2.5
Plastic work dissipation, wp (MJ/m
3)
0 20 40 60 80 100
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method and implies that there is a deeper connection between material structural
properties and the Eyring parameters as O¨zbek [13] suggested.
5.6.7 Structural Effects
Sensitivity analysis [13] for each term in Eq. 5.20 and 5.21, shows that the adia-
batic drawing stability of a resin is mostly influenced by the yielding process. Yield
stress has been reported numerous times [38, 105, 117, 118, 119, 120, 121, 122]
to have a strong relation with crystal formation and size. Mandelkern [119],
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Williamson [121] and Kennedy [122] observed a linear dependence of yield stress
on crystallinity, whereas Brooks [123] suggested a power law relationship. Using
the dislocation theory approach and a modified crystal plasticity model, Brookes
concluded [15] that yield stress is mainly a factor of lamellar thickness and testing
temperature.
On the other hand, the strain hardening modulus, Gp is mainly associated with
the amorphous region and entanglement density [118, 122, 124], thus being of a
function of molecular weight and polydispersity rather than of crystalline size.
Drawing stability and plastic work dissipation are closely related to the yielding
and necking of the specimen, and so they can be categorised as a volumetric pro-
cess, which could be affected by production conditions such as cooling rate. Crys-
tallinity and yield stress are also strongly influenced by the processing conditions:
faster cooling leads to lower crystal size, brittleness and lower yield stresses. Thus,
a relationship between micro-structural characteristics, such as lamella thickness-
crystallinity and macro-scale mechanical parameters, becomes essential for the
explanation of the deformation and fracture mechanisms.
Figure 5.35 shows that DSC measured crystallinity seems not to be correlated
with brittle to tough transition temperature, while Fig. 5.36 suggests that pipe
specimens have lower TBT although as it was shown in section 5.5 that their χc
was very similar. This is contradictory to what previous researchers have found
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[12, 28], suggesting that higher crystallinity values induce higher Gc and lower
TBT. This was not observed for the materials of the study, since fracture toughness
values of both pipe and moulded specimens were similar (Fig. 5.37). O¨zbek [125]
also observed very small difference in Gc values and by employing FE and LEFM
tabulated functions, she compared arc shape moulded specimens, SENB and pipe
specimens. The TBT difference could perhaps be attributed to residual strains,
since specimens that are machined from the pipe wall have a compressive strain
profile [126, 127] (once the notch is introduced, the tensile profile of the residual
strain distribution is lost) in the region where RCP occurs. On the other hand,
moulded specimens are cooled more uniformly to ambient temperature, therefore
having minimal and symmetrical residual strains. Nevertheless, residual strains
and crystallinity are very closely related to the processing conditions and cannot
be investigated in isolation. It is therefore necessary to import another structural
parameter in order to identify the effect of cooling rate. This parameter is the
thickness of the crystalline and amorphous region within the polymer as seen in
Fig. 2.5. The Gibbs-Thomson equation was used to evaluate the crystalline region
thickness:
TM = T
0
M
(
1− 2σe
∆h0f lcρc
)
(5.22)
where T 0M is the thermodynamic melting temperature for an infinitely thick crystal,
∆h0f is the enthalpy of fusion, ρc the density and σe is the surface free energy. For
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a 100% crystalline polyethylene sample the heat of fusion is assumed to be 293.13
J/g and T 0m has a value of 145.5±2 °C. The value for the surface free energy σe was
taken as 72 mJ/m2 as suggested by Brooks [123]. Shahin [128] and Calleja [129]
have found similar values of the surface free energy, with the latter suggesting
a linear relationship between lamella thickness and molecular weight. For the
thickness of the amorphous phase Eq. 5.23 and 5.24 were used.
χc =
(
ρc
ρ
)(
ρ− ρc
ρc − ρa
)
(5.23)
la =
ρclc(1− χc)
ρaχc
(5.24)
where χc is the weight fraction crystallinity, ρ the density of the material, ρc the
density of 100% crystalline sample (assigned to 1.01 g/cm3) and ρa is the density of
amorphous phase (0.852 g/cm3) [130]. From Fig. 5.39 it can be seen that materials
with increased density have thicker lamellae, and this can also explain why higher
density resins have increased RCP resistance, higher adiabatic drawing stability
(βc) [13] and lower TcS4 (Fig. 5.38). DesLauriers [131] has found a similar trend, by
relating density to melting point values and calibrating Eq. 5.22 for the respective
density. His model prediction can be seen in Fig. 5.39 for both la and lc. On
the other hand, the thickness of the amorphous region seems not to be influenced
strongly by density but mostly by the weight fraction crystallinity (similar to all
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extruded pipes from Fig. 2.17) which can be determined experimentally. Since it
is cooling rate that affects the crystallisation process and thus crystal size and χc,
it should be the main factor that contributes to la. This thickness is also strongly
related to the number of tie molecules and entanglements, so that slowly cooled
materials have a high degree of crystallinity, thicker crystalline lamelli and sharp
interfaces. By contrast, quenched materials have increased interlamellar region
and increased number of tie molecules. Brown and Ward [105] have observed this
and separated the mechanisms during the plastic deformation of the resin. The
yield stress mechanism is related to the crystal phase, while strain hardening is a
property of the amorphous region in which tie molecules are present.
The interlamellar material starts to deform prior to and during the fragmentation
of the crystals, thus contributes greatly to the strain up to the yield point. When
the shear resistance of this region is lower than that of the crystals, it does not
contribute significantly to the yield stress. Thus the yield point depends primarily
on the volume fraction of crystals and their strength.
At high cooling rates (10°C/min) however, this amorphous region increases in
thickness la, and from a typical value of 5.2 nm reaches 6.1 nm. The thicker the
amorphous layer and the greater its tie molecule density, the higher the energy
dissipation prior to fracture which leads to higher strain hardening. This could
explain the higher values obtained in the Reversed Charpy tests between rapid
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and slow cooled specimens. This subtle difference between these two processing
histories was also observed by Davis [26], where at certain test temperatures the
fracture toughness of slow cooled specimens was lower than that of rapidly cooled
ones. Nevertheless at even higher rates as Gp increases, it negatively affects both
βc and wp, leading to reduced impact specimen fracture resistance and pipe RCP
performance. The increased cooling rate can be translated to reduced crystallinity
values which lead to lower melting temperatures and lower lamella thickness. Fig.
5.40 shows the underlying lamella growth rate versus cooling time (inverse cooling
rate) with the results being very consistent with the measured DSC values.
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RCP Resistance of Polyethylene
Combining the plane stress and plane strain fracture toughness, an overall rapid
crack propagation resistance can be evaluated from laboratory testing. This com-
posite crack toughness does depend on thermal history effects but does not on
residual strain effects, introduced during extrusion.
6.1 Composite RCP resistance
As mentioned in previous sections, the resistance of PE to RCP is not a simple
function of the material properties and their temperature dependence but also
depends on constraint conditions. This leads to a combined, composite crack
resistance, GD, which takes the form:
GDB = (B − 2s)G1D + 2sG2D (6.1)
where B is the total thickness and s the plane stress layer thickness. Whether
the plane strain and plane stress toughness have been individually evaluated by
experimental work or by some form of material modelling, they still have to be
combined in order to produce an index that can be compared with the crack
driving force.
123
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Following the experimental procedures described in previous chapters, the compos-
ite crack resistance was evaluated for a range of PE materials and temperatures.
This involved extensive testing not only to obtain basic experimental results but
also to increase confidence in the material models that have been used.
Note that the plane strain fracture resistance, G1D values in Table 6.1 have been
calculated using the adiabatic decohesion model, but the plane stress values have
been experimentally obtained through the Reversed Charpy test. The total com-
posite fracture resistance is not just the sum of the two other parts: it needs to be
calculated using the ‘law of mixtures’, where the relative influence of each tough-
ness depends on the size of the plane stress layer thickness, s, which is initially
assumed (as by Williams [25]) to be equal to the Irwin plastic zone size:
rp =
G1Dmin · ED
2pi · σ2y
(6.2)
where σy is the yield stress of the material obtained from the maximum load
value during Reversed Charpy testing (at striker speed of 1 m/s). Leevers and
Moreno [132] suggested a more precise approach to determine the thickness of
the plane stress zone depending on the fractured plate thickness. Through the
inverse function of the plate thickness over rp (Eq. 6.3), a correction factor could
be obtained, which would then be multiplied with rp so as to evaluate the plane
stress skin layer thickness.
B
rp
=
384
25
(
1− v2)( s
rp
)−3
+ 2
s
rp
(6.3)
Table 6.1 shows G1D, G2D and the total GD at 0°C for a total thickness of 12 mm.
Note that the materials with high composite crack resistance were also the ones
that had the lowest TcS4 values. This can be attributed directly to the effect of the
plastic zone size and the energy dissipation in that area; the plane stress fracture
resistance provides 60 to 90 % of the overall composite crack resistance.
By accounting for the effect of temperature and comparing the results with the
S4 crack driving force, which was calculated using the basic physical RCP model,
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Table 6.1: Composite crack resistance GD for different materials at 0°C
Material Plane Strain Plane Stress Composite Resistance
Designation G1Dmin (kJ/m
2) G2D (kJ/m
2) GD (kJ/m
2)
606SC026 3.1 49.8 7.5
510SC003 2.8 76.8 12.7
510SC048 2.9 107.2 18.4
605SC011 2.9 101.32 41.6
0701C046 2.9 77.2 13.4
0701C047 2.8 45.3 6.4
0702C004-PE80 2.4 37.2 5.6
P100 Co 3.1 109.9 21.7
606SC012 2.5 101.3 16.8
0707C050 4.3 188.6 39.5
a very useful material index can be established as shown in Fig. 6.1. All the
materials show brittle fracture and crack propagation at lower temperatures, where
the creation of the shear ‘lip’ is suppressed, but as the temperature rises, ductility
increases, giving a distinguishable difference in RCP performances at 0°C and
giving some material RCP immunity at room temperature.
However, one material (0701C047) showed decreased resistance to RCP even at
high testing temperatures. This was not supported by experimental results on
pipe specimens, whose critical temperature was +1°C, meaning that at room tem-
perature the pipe specimen would not suffer RCP under any line pressure. This
disagreement can be attributed to the susceptibility of the prediction method to
small scale experimental errors which are amplified by the model itself.
The sensitivity of modelling RCP performance can be easily observed in the calcu-
lation of plastic zone size. Typically [13, 15, 37, 133] at 20°C the yield stress of PE
is around 20 MPa (depending on Mw, strain rate etc.). On calculating the zone
size using Eq. 6.2 the yield stress is squared in the denominator. Introducing the
zone size into Eq. 5.1 it is squared again, leading to an overall power of four in the
yield stress. A small variation of +5% (translating to +1MPa in the yield stress
value) would then lead to a 21.5% difference in the final result of the plane stress
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Figure 6.1: Composite crack resistance for Ø250 mm pipes
fracture toughness even without including the effect of the ligament measurement
errors of the Reversed Charpy method.
Despite its sensitivity, the composite crack resistance is a valuable tool for under-
standing pipe performance. Going further, the user can obtain a first estimate of
the material’s TcS4. It has already been shown that there is a linear relationship
between the plastic work dissipation (wp) and test temperature [12, 13]. The same
is true of the adiabatic decohesion model of Leevers, as the term (TM−T ) suggests.
Also by using Eq. 4.6 for Young’s modulus as well as a linear relationship for σy
[4, 15], we can derive by linear interpolation an initial GD trend with temperature
for the investigated pipe grade.
The model procedure can be seen clearly in Fig. 6.2 and although the testing
equipment needed as well as the man hours behind the scheme seem very demand-
ing, everything can finally be reduced to a finite number of tensile tests and the
meticulous post processing of results. In this way the final end user can focus more
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on the basic material properties required of the pipe resin, such as the yield stress,
activation volume, draw ratio and the adiabatic drawing stability coefficient.
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Figure 6.2: Schematic of the pipe RCP model
When all the values of the composite crack resistance are plotted against test-
ing temperature1 and by obtaining the maximum crack driving force from the
basic physical pipe model (to be introduced in Chapter 8) they can be directly
compared. By fitting a line using the least squares method to the five points of
the composite crack resistance, we can then obtain the RCP resistance for any
particular material and its dependence on temperature. The intersection point
(abscissa) of the two lines can then give an approximate prediction of the critical
S4 temperature, as seen in Fig. 6.3. Depending however on the number of experi-
mental points, the fitting should change and become more accurate. The analysis
should follow the same procedure as in the U∗ parameter calculation, during the
TBT determination in the ISO 17281 test. A series of brittle fractures would lead
1Due to time restrictions and wide selection of materials involved in the study, the maximum
feasible number of temperatures per material was five
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to a linear plateau, and above the estimated TcS4, ductility will start to show. The
number of experimental points in mixed mode, would lead two either a two line
regression of the GD values, one for the brittle fracture and one for mixed mode.
The latter one, should give a much better estimation of the critical temperature
once the intersection point with the G curve is found. Because this is the first
time this method is followed, further mathematical tools such as polynomial and
exponential fitting can also be used in the future.
This procedure can also be repeated for different pipe sizes (Fig. 6.4) of the
same material by plotting the composite crack resistance of the material against
the corresponding pipe size crack driving force. This system could be the reason
behind the linear correlation between pipe size or wall thickness (for the first three
sizes Ø250, Ø160, Ø110 mm) against TcS4 as mentioned in Chapter 2 and Fig. 2.12.
The assumed linearity of GD showed good agreement with experimental data from
S4 tests. The results of the estimation for all the grades as well as the efficiency
of the model to predict critical temperatures for more than one pipe size, is shown
in Fig. 6.5. However, the smaller pipe size of Ø63 mm showed much higher (al-
most ×2 more) experimental critical temperature than the predicted one. This
is attributed to the small pipe thickness, from which Eq. 6.3 defines a multi-
plication factor on the Irwin plastic zone size in order to accommodate for the
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increased effect of the plane stress region. By employing this, the predicted S4
critical temperature is reduced from -15 to -21°C, which is closer to the real TcS4
of -29°C.
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Figure 6.5: TcS4 estimation from composite crack resistance for Ø250, 160,
110, 63 mm pipe grades
6.2 Critical pressure estimation
Extending the analysis one step further, one can predict the complete critical
pressure curve for a specific material. By equating the composite crack fracture
resistance of the material to the corresponding crack driving force calculated at
various pressures and temperatures (Fig. 6.6), the margin of safety for a pipe
grade in service can be estimated.
The predicted critical pressure versus temperature curve can be represented using
exponential form, as has been seen experimentally for a wider range of temperature
[14]:
P = P0 + Pr · eA·(T−T0) (6.4)
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where P0 and T0 are the critical pressure plateau value and TcS4 model prediction
respectively, Pr is the pressure transition range (related to the critical pressure
uncertainty of the model) and A is a fitting parameter. Although the uncertainties
involved in this analysis are even higher than those involved in the TcS4 estimation,
Fig. 6.7 shows reasonable agreement between the extrapolated Tc-Pc curve and
the experimental one and the shape of the curve coincides with data quoted by
Brown [38]. The composite fracture resistance can be reduced to the plane strain
fracture toughness term below 0°C, since the investigated material was behaving
in a brittle manner. The errors in the calculation of the Pr and P0 terms are
expressed by the dotted boxes in each one of Figures 6.7-6.8. Since an exact value
of the material’s GD is difficult to get by varying only the pressure, there is a
region within which the fracture toughness lies. The temperature and pressure
uncertainty is expressed by the axial and vertical dimensions of the box, and as
the number of points increases the less it becomes.
Figures 6.8 and 6.9 each present the results for two pipe sizes of the same mate-
rial (606SC026) that underwent S4 critical pressure tests. The effects of residual
strains, which exist in the pipe specimens but cannot be modeled in small scale
sample size, are not accounted for. This leads to an underestimation of the pipe’s
performance at higher temperatures where the elastic modulus is lower, leading to
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lower stored strain energy and lower relaxed diameter values, as will be presented
in the next Chapter.
This TcS4 prediction method could be extended to Full Scale tests by employing
the full scale-S4 pressure correction factor shown in Eq. 2.2 and ISO 13477, or by
immediately correlating the FS crack driving force of the RCP model with GD.
Although it would strengthen the model’s accuracy, the time and cost however for
such a series of experimental tests is prohibitive.
6.3 Sensitivity Analysis
In order to ascertain how the composite GD depends on the input resin fracture
parameters, a sensitivity analysis was carried out using data for one material
(510SC003). Equations 5.1 and 6.2 show that the value of the plane strain fracture
toughness affects the size of the plane stress zone which, in turn, affects the overall
contribution of the plane strain fracture toughness. By keeping the remaining
terms constant and varying the value of only one by a multiplication factor, the
sensitivity of GD can be resolved into several components.
Plane strain - Plane stress
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Figure 6.10 presents the effects onGD of varying the plane strain fracture toughness
(G1D) and plastic work dissipation (wp) (for a specimen thickness of B=12 mm).
It can be clearly seen that GD is much more sensitive to the plane strain toughness.
However, as temperature increases it is wp that contributes more to the composite
fracture toughness, since G1D changes only by 10-15% for every 20°C interval.
This would lead only to a maximum change of 25% in GD in the temperature
service range of a pipe. On the other hand wp increases linearly, but along with
the change in the plastic zone size (rp) the result is much greater, thus between
-20°and 20°C the overall contribution of the plane stress zone would change from 5-
10% to 80-90% (depending on the resin’s ability to deform at lower temperatures).
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Figure 6.10: G1D and wp ef-
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Figure 6.11: GD sensitivity
on yield stress and Mw
Yield Stress - Molecular Weight
The parameter which is not directly seen in Eq. 5.1 but affects GD more than
anything else is yield stress. Being an inherent material property, it is definitely
playing a very important role during RCP, but its influence is further strengthened
by its implementation in the plastic zone size. Squared in the Irwin plastic zone
size in Eq. 6.2 and then again at the 2s2wp term in Eq. 5.1, it has finally risen
to the power of four, leading to a change of 40% if it is underestimated only by
10%. Also asMw increases, which G1D is strongly dependent upon, the yield stress
decreases, leading to a much lower overall change in GD.
Chapter 6. RCP Resistance of Polyethylene 133
Concluding, it can be seen from Figures 6.10-6.11 that depending on the equipment
accuracy (e.g. tensile tests for σy etc.) a typical 5-10% uncertainty in one of
the terms of Eq. 5.1, would lead to about 10-20% variation in the final value
of GD. Nevertheless, since the two most influential factors of yield stress and
plane strain fracture toughness can be calculated with considerable accuracy, the
material modelling of resins seems to withstand the statistical errors and to give
a very good explanation of the fracture mechanisms taking place during an RCP
event.
6.4 Conclusions
This chapter has presented an attempt to model RCP as a function of temperature
for a range of pipe grade resins, both from the material modelling point of view and
from the evaluation of the crack driving force G in pipe specimens. By employing
the energy balance equations from Chapter 3, the overall crack resistance was
assessed from the two distinct fracture regimes clearly seen during PE fracture.
The comparison between GD and G yields a similar ranking of PE resins to that
measured using the S4 tests. Furthermore, the calculation of G will be further
refined as it will be presented in the following Chapters, where the influence of
residual strains is also accounted for.
The sensitivity analysis has shown that accurate measurements of plastic work dis-
sipation, molecular weight distribution and yield stress are needed, while Young’s
modulus, melting temperature and density are less critical.
Moreover, by increasing the number of testing temperature intervals a more ac-
curate S4 critical temperature could be established, similar to the ISO 17281 TBT
determination using the U∗ method (introduced in Chapter 4). This would also
improve the Pc-Tc curve estimation and although only five points were used for
the critical temperature prediction, the TcS4 results show good agreement with
experimental observations for various pipe sizes.
Chapter 7
The effects of Residual Strain on
RCP
7.1 Cooling rate effects on residual strains
PE pipes are converted from raw material pellets through the process of extrusion.
Parameters such as extruder line speed and cooling rate play a significant role in
the final product properties [8], while material manufacturers strive to provide a
process-independent resin that will perform satisfactorily within the full range of
extrusion parameters. The process related properties that are strongly affected
could be divided into three categories:
• pipe geometry
• through wall crystallinity profile
• locked-in thermal strains (residual strains)
In order to achieve international standard size tolerances [134, 135], the final wall
thickness of every pipe must be uniform. As pipe size and wall thickness increase
it becomes more difficult to achieve accurate dimensions, and this becomes even
harder as variables of the cooling process and the die condition significantly affect
134
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the overall result. Because of inadequate cooling time molten regions inside the
pipe wall may result in non-uniform thickness because of gravity induced flow from
poor stacking and transporting. The crystallinity profile through the pipe wall
also plays a very important role in the mechanical properties of the product. As
mentioned before, the shear ‘lip’ at the bore of the pipe affects RCP performance.
For PE100, if the crystallinity in this region is higher then the energy wp needed
to deform it is higher thus leading to increased PcS4 and decreased TBT [14].
Invariably [26] the post-extrusion cooling method affects the service performance
of a PE pipe. Non-uniform thermal stresses and crystallinity result in areas of
different cooling rates and temperature gradients. When conventional wall cooling
is employed, the bore of the pipe remains at a higher temperature for longer
periods of time because it is only coming in contact with the enclosed air. This
temperature gradient creates areas with higher crystallinity (at the bore surface)
and unsymmetrical locked-in thermal strains which are similar in magnitude to
those generated at pipe operating pressures. It has been seen before [26] that
single versus dual-surface cooling makes a significant change in RCP performance,
with dual cooling giving poorer results for a PE100 resin. This may be because
dual surface cooling creates lower crystallinity areas at the inner and outer surfaces
of the pipe thus the shear lip deformation and the energy dissipated is much less.
However, it is equally possible that the residual strains arising from unbalanced
cooling could affect the crack driving force directly. Their consequences are two-
fold: residual strains increase stored strain energy prior to crack propagation thus
helping to drive the crack, but resist crack opening during propagation.
7.2 Distribution of residual strains
Since single and dual surface cooling produce different temperature gradients
through the wall thickness, local density changes and differential thermal con-
tractions produce different ‘locked-in’ thermal strain distributions. Each layer, as
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it freezes, is held in tension by the solid layer on its colder side, which it there-
fore pulls into corresponding compression. These strains are thought to be related
to RCP and SCG performance and many researchers have focused on this topic
[126, 127, 136, 137, 138, 139]. Figure 7.1 shows the through thickness residual
strain-stress profiles, computed by a thermal history model [140] for single and
dual surface cooled PE pipes. This profile is also found experimentally by third
order methods such as slit rings and machined slit tube testing [126, 127, 136, 141].
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Figure 7.1: Through thickness residual stress profile for (a) single cooling and
(b) dual cooling
7.3 Experimental evaluation of residual strains
In order to evaluate the residual strains and stresses in an extruded PE pipe, rings
were cut from the pipe itself and then slit open axially (Fig. 7.2) using a band
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saw. Having measured the diameter before slitting and again after a relaxation
period of 120 hours, the bending strain moment could be calculated and hence the
corresponding resulting residual strains and stresses. For a linear profile through
the wall the residual stress is:
σθ,z =
−6 ·Mθ,z
t2
(7.1)
where t is the pipe wall thickness andMθ,z are the moments per unit length applied
by locked in strains. When the specimen ring is cut from the original extruded
pipe, the moment on the ends becomes zero, which is equivalent to a moment of
Mθ,z being applied around each end. However, because of the Poisson’s ratio, the
produced hoop moment Mθ, depends on the length of the pipe specimen that is
cut, so the actual applied moment is given by [136]:
M ′θ =Mθ − v ·Mz · F (Λ) (7.2)
where v is the Poisson’s ratio and F (Λ) is a function that determines the effect
of the cut length in the analysis. Figure 7.2 shows the slit ring geometry and the
moments applied once the ring is cut.
Slitting the ring open results in a circumferential change in diameter, due to the
release of the bending moment. Timoshenko [89] has evaluated the necessary
moment needed to bring the ends of the ring together for a slit ring of negligible
thickness, and for small opening angles (αθ) it is expressed by:
M = −αθE(t)
8pi
·
(b2 − a2)2 − 4a2b2 ·
(
log b/a
)2
2 (b2 − a2)2
 (7.3)
where a and b are the inner and outer radius respectively.
Williams [127] suggests two different solutions for the slit ring geometry depending
on the pipe thickness and SDR. There is a thin- and a thick-walled plate solution,
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Figure 7.2: Slit ring geometry
while the general slit ring opening is expressed by:
δθ =
8pi ·M
E · a ·
 (b/a) + 1[
(b/a)2 − 1]− [(b/a)2 (ln (b/a)2)2]/[(b/a)2 − 1]
 (7.4)
For a thick walled (t/a = 0.2-0.3) pipe the released moment is
M =
E · a · δθ
8pi
· (x− 1) ·
[
1−
(
x · lnx2
x2 − 1
)2]
(7.5)
where x = b/a. For thin walled (when t/a <<1) the released moment is:
M =
E · δθ · t3
24pi · a2 (7.6)
where a is the inner radius, t the thickness of the pipe and E is the Young’s
modulus. For the axial strip a similar mechanism operates and by measuring the
resulting radius (Ri) in the axial strips produced, the axial moment Mz can be
calculated.
M ′z =Mz − v ·Mθ (7.7)
Chapter 7. The effects of Residual Strain on RCP 139
Mz =
Et3
12Ri
(7.8)
Mθ andMz can be found from a series of rings and so resulting to an expression for
the residual stresses for the pipe bore (Eq. 7.7). Although this analysis assumes a
linear through-thickness strain profile, it can be applied to machined slit rings and
the stresses can then be calculated for a series of rings with different thicknesses.
By finding the maximum diameter change, the maximum residual strain can also
be calculated at the surface of the pipe:
es =
(D −Dres∞) · t
(Dres∞ − t) ·D (7.9)
where D and Dres∞ are the initial and final diameters of the pipe and t its wall
thickness. Since the measurement of the resulting moments was obtained after the
relaxation of the pipe diameter, a 120 hours creep modulus was used, which for
extruded PE pipes is around 300 MPa [127]. However, in order to obtain more
accurate residual stress values, better creep data should be used, corresponding to
each material.
Using this creep modulus, the maximum residual stress at the inner wall was
calculated. Although the true stress profile is described by Fig. 7.1, as measured
[126, 136, 138], the maximum tensile stress predicted assuming a linear profile is
about 10% greater and the maximum compression stress about 35% less [136]. In
order to accurately measure the profile, rings have to be cut and then machined
both from the outer and inner surfaces and then slit open. In this way the influence
of the different wall layers can be determined. For this study a linear profile was
assumed since Ø250 mm pipe specimens are difficult to handle and machine in a
lathe, and it is sufficient since for the G calculation its the linear component that
needs to be known and released during RCP. The simple linear profile results from
the slit ring testing can be seen in Table 7.1.
Pipe size does not seem to affect residual stresses as seen in Fig. 7.3 for the
606SC026 material, although smaller diameters are cooled down to ambient tem-
perature much faster, due to their smaller wall thickness.
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Table 7.1: Calculated residual stresses for various Ø250 mm SDR 11 pipe
materials (22.7 mm wall thickness)
Material Circumferential (MPa) Axial (MPa)
606SC026 2.0 2.3
510SC048 2.0 2.6
510SC003 2.1 2.8
605SC011 2.7 3.1
0701C046 2.3 2.8
0701C047 2.6 2.8
602SC012-550 kg/h 2.6 3.1
602SC012-300 kg/h 2.6 3.1
0702C004 2.6 3.1
P100 Co 2.3 3.0
Circumferential Axial
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Figure 7.3: Calculated residual stresses for different pipe size of SDR 11
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An alternative method which does not require the use of modulus values, is to
load the slit rings and obtain a load-deflection diagram [19]. Rings, one diameter
in length, were cut from pipes and fitted with two steel supports prior to cutting
(Fig. 7.4). After being axially cut, they were tested at high displacement rates
(15 mm/min), in an Instron tensile machine [126] within 10 mins after slitting. In
this way the bending moment per unit length of the material could be determined.
This method however measures much lower circumferential change since the pipe
is not fully relaxed to its final diameter due to viscoelasticity effects. In order for
&
&
&
Figure 7.4: Load testing to determine modulus and bending moment
the cut point to be restored to zero, the relationship between the moment and
the force, F applied (when the force vector is going through the pipe geometry
centroid) is expressed by:
Mθ = F ·Rmean ·
(
1
2
− 1
2pi
)
' 0.66 · P ·Rmean (7.10)
The instrumented tests, just like the simple slit ring ones, revealed that the sur-
face strain does not exceed 1%. Most of the Ø250 SDR11 pipe slit rings that
were measured, showed an average circumferential strain of 0.7-0.8%, while the
maximum strain in the short term instrumented tests was less than 0.5%. This
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would lead to a final diameter between 228-230 mm for a fully relaxed Ø250 spec-
imen and 239-241 mm from short term testing. The bending moment was also
significantly lower than that simulated in Fig. 7.1 and seen in the slit rings, with
an average value of about 130 Nm for a one diameter length specimen (Fig. 7.5).
Nevertheless, through this experimental work it can be seen that the equivalent
Ø250 SDR11
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Figure 7.5: Load trace for slit ring testing for 605SC011 material
bending moment that is released once the pipe is cracked, is large enough to keep
the crack surfaces in contact with significant force. Thus for the pipe to flare
and extend the crack opening, an increased or extra pressure would be needed to
overcome the closing effect.
7.4 Residual strain effects on RCP
During RCP in gas-pressurised pipe, the fast depressurising gas acts on the rup-
tured pipe wall, causing it to flare. It is therefore thought that a closing moment
(produced by the residual strains) applied behind the crack tip can affect the open-
ing of the pipe and may decrease the crack driving force. The bending moment is
much higher in single cooled pipes than dual cooled, which may be partly respon-
sible for dual cooled pipes having much lower (about 3 times less) critical pressure
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in S4 tests conducted at 0°C [26]. By calculating the parabolic profile [140] of the
‘locked in’ bending moment of a Ø250 SDR11 pipe and substituting it with an
equivalent linear one, it can be clearly seen that the bending moment (thus the
closing effect in the pipe wall during RCP) is much higher in single cooled pipes
as seen in Fig. 7.6.
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Figure 7.6: Through thickness bending moment profile for (a) single cooling
and (b) dual cooling
By applying simple beam theory and Castigliano’s first theorem to a semi-circular
section of pipe geometry, Davis [26] derived an expression for the additional static
pressure required to counteract the residual strain induced moment:
pres =
t2σz
6a2
(7.11)
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where a is the internal radius of the pipe, σz the calculated residual stress and t
the wall thickness.
In this study, a variety of materials were investigated using the slit ring method
and hence their residual strains were evaluated. It was observed that ‘locked in’
stresses did not change significantly with pipe size or extrusion speed for the same
material, so that effectively the resins from only one size could be used for further
reference. It appears however, that RCP performance may be affected by these
stresses, as pipe materials with higher strains showed lower TcS4 temperatures and
higher PcS4 at the same temperature.
It has been shown [26] that processing conditions affect the residual strain distri-
bution, and affect RCP. For dual cooled PE100 resins, extruded especially to have
minimum residual strains, performance in RCP was very poor, having TcS4 above
+5°C and critical pressures well below typical values for PE100 at 0°C.
In order to initially evaluate the effect that the residual strains magnitude may
have on RCP, two materials with different circumferential strains but similar struc-
tural properties (606SC026 and 605SC011) were tested at the same temperature
(−13°C) for PcS4. The results are shown in Table 7.2. The difference in their
residual hoop stress was about 0.7 MPa (about 36% higher for 605SC011) and by
using Eq. 7.11 this can be expressed as equivalent internal static pressure of 0.06
bar which is much less than the pressure difference observed during the S4 testing
of 0.4 bar. Although theory and experimental results did not completely agree,
Table 7.2: PcS4 at −13°C
Material Pipe Ext. Diam.(mm) Hoop Stress (MPa) PcS4 (bar)
606SC026 Ø250 2.0 1.2
605SC011 Ø250 2.7 1.6
these tests showed that residual strains play an important role during RCP. In
order to evaluate their effect in greater depth, some new test methodologies were
introduced, including impact tests on annealed pipe sections.
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7.4.1 Annealing and impact crack initiation
Extrusion-induced residual strains store strain energy in the pipe wall and although
there are strong indications that this energy may help to drive RCP, it could also
affect crack initiation under impact. In order to assess this, pipe specimens were
annealed and then subjected to S4 initiation tests.
Two-diameter long specimens of Ø250 SDR11 pipe were placed inside a condition-
ing chamber for 7 days (approx. 170 hours) at a uniform temperature of 80°C
[142]. The heating and cooling rate did not exceed 1°C/min (Fig. 7.7), and after
this annealing process all the specimens were left for 24 hours at ambient temper-
ature. Using a chisel-ended striker (as specified in ISO 13477) S4 crack initiation
tests were carried out at four different temperatures without any internal pressure.
Figure 7.8 shows the dependence of crack length on temperature for two selected
materials. As seen previously [142, 143, 144] the annealed specimens perform
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Figure 7.7: Annealing temperature profile
much better, showing shorter crack lengths. This increased fracture resistance of
annealed specimens has been attributed to the occurrence of micro-voids (or cav-
ities), which support the formation of a fibrillar structure [145] as observed under
scanning electron microscopy. However, it is well known that residual strains can
help to drive fracture, so the effect of annealing could be via G or via GD.
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With decreasing test temperature the effect slowly decreases and below the original
TcS4 there is no observable difference. This is expected since, with decreasing
temperature, Young’s Modulus increases, thus the stored strain energy which is
the product of the strain squared and the modulus, is higher. Due to the size
of the pipes (Ø250 × 1750 mm long), annealing of full length specimens was not
possible, but S4 tests performed by Guevara Morales [140] in Ø110 pipes showed
a significant improvement both in critical pressure and critical temperature. After
the initiation tests, the specimens were tested (slit ring method) for the evaluation
of the residual strains. The equivalent external layer strain was reduced to 0.45-
0.5%, an overall reduction of 45%.
However, the decreased crack length cannot be solely attributed to the relaxation of
the residual stresses since during the annealing process an increase in the material’s
crystallinity has been observed. Krishnaswamy [142] found a marginal increase of
about 3% while Guevara Morales observed more than 5% increase in the DSC
endotherm [140]. In the materials tested here, however, the effect was minimal
with an increase of no more than 1%.
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Figure 7.8: Effect of annealing on crack initiation in S4 test
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Clearly, residual strains assist crack initiation during a S4 test, but their role
during propagation is difficult to distinguish, especially because of the strong
thermal-history dependence of the plane stress fracture toughness. In order to
disassociate these two counteracting mechanisms, a new experimental procedure
was introduced, which modified the properties of the pipe bore ‘shear lip’ but did
not significantly change the distribution of the residual strains.
7.4.2 Modification of the Pipe Bore Crystallinity
As mentioned above, while the pipe is being cut by an axial crack, the released
bending moment may change the crack driving force. The different effects of cool-
ing rate on crystallinity and on residual strain distribution makes it difficult to
distinguish which of the two factors has a greater contribution to RCP perfor-
mance. In order to evaluate the contribution of processing effects on the shear
lips, a new experiment was designed, where the bore surface plane stress zone
would be heat treated and then cooled rapidly by convection. This process would
change the properties of the material (mostly crystal formation) and reduce the
crystallinity percentage of the modified area. After heat treatment, DSC tests were
carried out to measure crystallinity modification and the pipes were subjected to
S4 tests thus their RCP performance was evaluated.
Initially the apparatus consisted of a 50 × 200 mm, 1 kW quartz IR emitter,
a pressure regulator for the air/water velocity (thus cooling rate) control and a
mounting bar with all the above equipment that would be fitted inside the pipe
and move axially after specific time intervals. Figure 7.9 shows the set-up of the
experimental assembly.
The initial steps for the heat transfer analysis involved the determination of the
view factors for the radiation heat flux between the emitter and the pipe. Since
the pipe bore surface and the emitter are placed so that their surfaces are parallel
and close to each other, we can model them as identical, parallel, directly opposed
rectangles with dimensions of a× b, displaced by a distance c [103, 146]. The view
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(a)
(b) (c)
Figure 7.9: Crystallinity modification experiment set-up (a) side view, (b)
cross section and (c) end view
factor for finite area to finite area is then given by:
F1−2 =
2
piXY
 ln
[
(1+X2)(1+Y 2)
1+X2+Y 2
]1/2
+X
√
1 + Y 2 tan−1 X√
1+Y 2
+Y
√
1 +X2 tan−1 Y√
1+X2
−X tan−1X − Y tan−1 Y
 (7.12)
where X = a/c and Y = b/c. All the geometric characteristics of the problem
were user defined, so the initial values for a, b and c were specified according to
the available instruments. Measuring the radiating surface of the emitter and the
maximum temperature (using thermocouples) the view factor was found to be
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F1−2= 0.570, and by using thermal radiation based on the Stephan-Boltzmann
law the heat flux can be calculated:
Q = σ · ε · A1 · F1−2 · (T 41 − T 42 ) (7.13)
where σ is the Stephan-Boltzmann constant (5.669 × 10−8 W/m2K4), ε the emis-
sivity of the surface (assume 1 for the emitter), A1 the emitter-pipe surface area,
T1 emitter temperature (760 ± 5°C measured) and T2 the pipe room temperature.
The above values give a heat flux of Q/A1= 10.8 kW/m
2
Because of the low thermal diffusivity of polyethylene, the heat transfer problem
was modelled with finite elements as a two dimensional one (2D). By applying the
necessary boundary conditions and the material properties, a non-linear thermal
analysis was performed in finite elements (FE) [147].
Modelling the geometry of the pipe as shown in Fig. 7.10, and using the inputs
from the radiation analysis, a time dependent solution was derived for the pipe
wall temperature distribution. Assuming a uniform initial pipe temperature of
20°C before the start of the experiment, and that natural convection occurs to
all its outer and inner surfaces (except the one receiving radiation) we can find
the temperatures for the first part of the process. The model included only the
bottom half of the pipe and applied a constant temperature condition (20°C) at
the horizontal symmetry plane.
The heat flux computed from the radiation analysis was applied to a 27° sector
Figure 7.10: Finite Element model
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of the pipe bore whose area was equivalent to that calculated. This sector had a
refined mesh of 920 8-node elements. The rest of the outer and inner surfaces were
assumed to be under natural convection, with a heat transfer coefficient of 1 W/K
m2 and a bulk temperature of 20°C. The properties used for the thermal model were
typical for PE100 pipe grades (obtained by DSC where possible), having specific
heat capacity of cp=2 kJ/kgK, density of ρ=960 kg/m
3 and effective thermal
conductivity of k=0.576 W/mK at 20°C.
The second phase of the heating cycle involved the movement of the heater along
the axis of the pipe, thus leaving the same amount of time for the heated pipe
area to cool down under forced convection. Rapid cooling by an impinging air
jet discharging onto the flat surface of the pipe bore was expected to reduce the
crystallinity of the plane stress zone. DSC results revealed that the effect was
minimal without any significant change although the heat transfer coefficient, h,
was high around the heat treated zone [103, 148, 149] (Figure 7.11-7.12). Similar
results for PE100 resins, showing increased toughness and crystalline thickness
despite increased cooling rates, have also been observed previously [150]. Since
Figure 7.11: Impinging jet
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cooling by air seemed to have no effect, ambient temperature water was used for
the rest of the tests. The heating time for each material was adjusted to achieve
a temperature higher than the melting one (TM) within at least 2 mm depth (i.e.
larger than the plastic zone size) from the pipe bore. Following a heating time
of 150 seconds, tap water at around 25±1°C was sprayed onto the surface with
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an average velocity of 7 m/s until the bore surface reached ambient temperature.
The flow was deemed turbulent and the heat transfer coefficient was estimated to
be 15±0.5 kW/m2K [103]. The cycle was then repeated for the remaining pipe
length, always keeping sharply the same time intervals. Applying the necessary
boundary conditions, a transient solution was obtained from the FE model and
compared to measurements made using thermocouples embedded (4 mm deep)
in the pipe wall. Figure 7.13 shows the transient solution for depths at 1 mm
intervals from the pipe bore surface.
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Figure 7.13: FEM computed thermal cycle
After the heat treatment of the pipe, DSC tests were again used to measure the
crystallinity (χc) of the modified pipe specimens. The results showed (Table 7.3)
that there was a reduction of more than 13% which for a highly crystalline polymer
like PE, is enough to significantly alter its structural and mechanical properties.
In order to evaluate the effect of processing conditions on plane stress fracture
toughness, Reversed Charpy tests were carried out on specimens cut from the heat
treated pipes and from compression moulded plaque (using high cooling rates).
From Table 7.4 it can be concluded that processing conditions have a significant
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Material χc initial (%) χc final (%)
P100 Co 66 55
510SC003 67 58
Table 7.3: DSC crystallinity values (%) before and after crystallinity modifi-
cation
Material wp initial (MJ/m
3) wp treated pipe wp moulded
P100 Co 62 50 51
510SC003 64 48 45
Table 7.4: Plastic work dissipation values (wp) for surface heated PE
effect on fracture properties of the materials investigated, at least in a batch sample
size.
Following the heat treatment, S4 tests were carried out on pipe specimens con-
ditioned to the TcS4 temperature, at which untreated pipe of the same material
had previously shown arrest. Two materials were selected and investigated (Table
7.5), and in both the same procedure was followed. At least two S4 tests were
carried out at their former TcS4. This temperature was chosen because it would
immediately show the expected effect of the crystallinity modification. A decrease
in the crystallinity of the plane stress zone was expected to produce an increase
to the critical temperature and so, a definite RCP occurrence in the TcS4 region.
Table 7.5: Material designations and properties
Material Colour MFI Density Mw PDI TcS4
ID (gr/10 min) (kg/m3) (kg/mol) (°C)
510SC003 black 0.35 958.6 192 20 -1
P100 Co black 0.2 956.3 207 25 -13
On the contrary, however, all the S4 tests proved to be short arrests, with the crack
length being equal or shorter than one diameter. It can therefore be concluded that
residual strains influence RCP performance more than previously anticipated and
effectively more than material properties such as crystallinity reduction. Since
the affected heat treated zone was never deeper than 4 mm (Fig. 7.14), the
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residual strain distribution should not be affected and slit ring tests confirmed this
assumption, since there was no detectable change (less than 2%) in the residual
strain values. In this case, using the basic physical model of Chapter 6 [22] and
the composite crack fracture toughness obtained from the plane strain and plane
stress tests would have led to an overestimate of TcS4 and an underestimate of
the pipe performance since the residual strain effect was only partially taken into
account. For this reason, the physical model introduced in Chapter 3 was modified
to include the effects of residual strain in pipe specimen on the calculation of the
crack driving force. The level of residual strain is expressed using the long-time
relaxed pipe diameter, corrected within the analysis using the viscoelastic data to
account for the short time scale of the fracture process [151].
Figure 7.14: FE computed heat treated zone temperature distribution (in °C)
7.5 Conclusions
Non-uniform temperature gradients and cooling rates during the extrusion process
result in areas of different crystallinity and thermal stresses. This leads to ‘locked-
in’ residual strains and when the pipe wall is cracked, these strains are released,
resulting in a closing bending moment. The effect of the strains however is twofold:
they increase the stored strain energy prior to fracture, but during RCP, the
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resulting released moment tends to close the flaring pipe wall. Because of this, the
crack driving force may be decreased, suggesting improved pipe RCP performance.
Two novel experimental techniques revealed that annealing of pipe sections lead
to the decrease of residual strains and shorter initiation crack lengths, while pipes
whose material is heat treated to change its properties without changing the resid-
ual strains distribution, show no observable difference in RCP performance. These
new findings suggest the increased effect of residual strain to impact fracture as
well as their contribution during crack propagation, which would indicate the need
to account for them in the basic RCP model used to calculate the crack driving
force in Chapter 6.
Chapter 8
A Basic Physical Model of RCP
8.1 Model Overview
The basic physical model of RCP in pressurised pipe, which was introduced and
employed in Chapters 3 and 6, after the modification of Zhuang [72] could be used
for an initial estimation of the crack driving force. However, a more accurate solu-
tion can be obtained with the aid of mathematical software packages and numerical
integration. Following experimental observation of the RCP crack opening profile,
a new method of improved boundary conditions was also implemented, and the
formulation was modified to account for the crack-driving contribution of residual
strains in the pipe wall.
8.2 Numerical Solution - Explicit Integration
The basic physical RCP model of Leevers [22, 71] transformed the problem of an
axially running crack in PE pipe into the mathematical formulation of a dynamic
beam deflection governed by a differential equation. The governing equation that
was investigated is Eq. 8.1, which describes the dynamic displacement of a loaded
beam on a compliant foundation of stiffness m per unit length. The pressure load
is expressed by a linearly decaying function f(ζ) = 1-ζ (equivalent to the linear
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pressure decay as experimentally observed during RCP) in which 0< ζ <1 and ζ=
z/L (where L is the decompression length). Once all the terms of the equation
are dimensionless and normalised, it takes the final form of:
[
D4 + α2D2 +m
]
u = Lp∗f(ζ) (8.1)
where D is the operator d/dζ. Williams [71] initially derived an approximate so-
lution for the crack opening profile, u, without taking into account the foundation
stiffness i.e. by setting m=0 in the above differential equation. Leevers [22] used
the same approximate solution but also did include the foundation strain energy
in the energy balance. Zhuang [72] later improved the solution by introducing the
least squares method to minimise the residual errors of the profile in which the m
term was also accounted for. The boundary conditions that have to be fulfilled are:
u (0) = 0, u′(0) = 0, u′′(1) = 0 and u′′′(1) = 0, and account for zero crack opening
and opening velocity at the crack tip while behind the outflow length the shear
forces and bending moment are also zero. With the advances in computational
power however, a boundary value problem like this can nowadays be accurately
solved in a matter of seconds.
By using three different mathematical packages (Maple v12.0 [152], Matlab 7.0
[153] and Berkeley Madonna v8.3 [154]), the true normalised solution (u/Lp∗) of
Eq. 8.1 was obtained by explicit numerical integration. Each time it was necessary
to input the initial boundary conditions for u′′′ and u′′ for Berkeley Madonna
because this software does not accept a boundary value problem solver as both
the other two programs do. The input was taken either from Maple or Matlab and
the final graphical solution was always within 0.5% in all three softwares, with all
boundary conditions satisfied.
Unfortunately, Matlab does not numerically integrate differential equations higher
than 1st order. In this case, Eq. 3.15 was transformed to a system of 1st order or-
dinary differential equations (ODEs). This is achieved by substituting the highest
order term with a function of the variable and lower derivative terms. The system
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is: 
yn = f(t, y, y′, y′′, ...yn−1)
y1 = y
y2 = y
′
y3 = y
′′
...
yn = y
n−1

⇒

y′1 = y2
y′2 = y3
y′3 = y4
...
y′n = f(t, y, y
′, y′′, ...yn−1)

(8.2)
In our case this is done by substituting u = y1, so the system transforms to:
y1 = u
y2 = u
′
y3 = u
′′
y4 = u
′′′
y5 = u
′′′′

⇒

y′1 = y2
y′2 = y3
y′3 = y4
y′4 = y5 = (1− ζ)− α2 · y3 −m · y1

(8.3)
and with the boundary conditions:
u(0) = 0 = y1(0)
u′(0) = 0 = y2(0)
u′′(1) = 0 = y3(1)
u′′′(1) = 0 = y4(1)
 (8.4)
Either by solving the differential equation itself directly (e.g. by a shooting Runge-
Kutta method) or reducing its order to a system of 1st order ODE’s (Eq. 8.3)
a very accurate numerical approximation1 was evaluated (Figures 8.1 and 8.2).
The solution was obtained by calculating the definite integral with the boundary
conditions set as stated above and the limits being the crack tip (where ζ=0) and
the plane set by the decompression length (where ζ=1). To make comparison
easier, all the crack opening plots show the normalised crack opening profile (u∗ =
u/Lp∗) unless stated otherwise.
1Relative errors were of 10−8 to 10−10 magnitude
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It is clear that the least squares correction method applies merely an average
scaling factor which poorly represents the effect of the beam foundation stiffness.
The real effect ofm is clear in the numerical solution, where the crack displacement
curve progressively bends downwards as the decompression point is reached and
pressure falls to zero. The increasing effect with ζ of the flaring modulus (m) on
the maximum crack opening led to the boundary conditions being defined further
from the crack tip than the end of the outflow zone, as it will be shown in the
following sections.
Figure 8.1: Numerical solution for α=1, m=0:30
The plots in Figures 8.3-8.4 show a comparison between the solution obtained
by numerical integration and the solution using the least squares method. The
solution that Zhuang [72] suggested has a maximum error within the outflow zone
of almost 100% for low speeds (α=1) and about 25% for higher speeds (α=4).
Although the improved approximate solution for the crack opening profile pro-
posed by Zhuang [72] would be sufficient for an initial estimation of G, it became
obvious that the errors remained sufficiently high to initiate a new mathematical
approach giving better agreement with the true solution. Following the same least
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Figure 8.2: Numerical solution for α=4, m=0:30
Figure 8.3: Comparison between the numerical solution and that of Zhuang
for α=1
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Figure 8.4: Comparison graph between the numerical and Zhuang’s solution
for α=4
squares procedure as Zhuang but focusing on the effect of the normalised decom-
pression length, ζ, a weighted multiplication factor was used, so that the basic
RCP model user would not need access to commercial software packages. The
analytical solution of Eq. 8.1 which Williams [71] derived, when the support term
m=0 is neglected, has the form of:
u∗ =
1
α2
·
[(
1
2
ζ2 − 1
6
ζ3
)
+
1
α2
(
ζ cosα− sinα
α
)
+
1
α3
sin(α− αζ)
]
(8.5)
where u∗ is the normalised crack opening (u∗ = u/Lp∗), ζ the normalised de-
compression length and α the normalised crack speed. The proposed parameter
solution would be a scaling factor which would multiply the terms ζ2 and ζ3
combined as well as individually. The scaling factor would be a function of the
dimensionless crack speed (α) and the flaring modulus (m), similar to Zhuang’s
solution. The accuracy of these approaches and the errors involved were compared
with the analytical solution as well as with the one obtained from the numerical
integration of Eq. 8.1.
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8.2.1 Approximate solution error evaluation
Figures 8.5-8.6 show the error for each correction approach (Zhuang and weighted
parameter) as:
Error =
Numerical Solution(yi)− Corrected Function(yi)
Numerical Solution(yi)
(8.6)
A better overall accuracy was obtained and in the case of the combined scaling
factor a reduction of about 5% in error was achieved, while in the case of the single
parameter solution, the decrease was more than 10% from Zhuang’s solution for the
ζ3 investigation. On the other hand the analysis showed that for the ζ2 approach
the profiles had higher absolute errors, leading to a bell-shaped crack opening
which reached negative values before gas decompression.
The formulation of the proposed solutions can be easily implemented in the model,
as a simple multiplication factor partitioned by constant integer terms and poly-
nomial functions of m and α, which is less complex than Zhuang’s approach.
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8.2.2 Residual Strains effect
As explained in Chapter 7, after the pipe exits the extrusion die it is cooled by
water which is sprayed onto its external surface. During this process a gradient
of cooling rate is set up through the wall thickness. The outside layer is cooled
more rapidly because of higher heat exchange coefficient while the inner surface
is normally left to cool by natural convection thus resulting in ‘locked-in’ thermal
strains. These strains have the effect of a radially closing moment per unit length
applied to the section of the cracked pipe. The effect of this closing moment
behind the crack tip can be equated to an equivalent external static pressure [26]
and hence to a reduction in the internal pressure distribution as seen in Fig. 8.7.
This will affect the dimensionless pressure distribution, which will become: f(ζ)=
1 - ζ - pres/p1, and the boundary conditions become: u(0) = u
′(0) = 0 and u′′(1 -
pres/p1)= u
′′′(1 - pres/p1) = 0.
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Figure 8.7: Effect of residual strains on pressure distribution
Because Eq. 3.15 is not an ODE, it does not have an analytical solution, but if
we set the dimensionless flaring modulus equal to zero (m=0), then the equation
will have the form of a linear differential equation:
[
D4 + α2D2
]
u = Lp∗(1− ζ − PRS) (8.7)
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where PRS = pres/p1. The displacements can now be obtained when the proper
boundary conditions are applied as stated above. The solution however depends on
the magnitude of the residual strains. Solving for three different PRS values (0.3,
0.5 and 0.8) three sets of equations were obtained. The similarities between led
to the evaluation of the equation governing the crack displacement when residual
stresses are included (PRS 6=0):
u/Lp∗ =
(
sin (α ζ) cos [(1− PRS)α]
α3
+
cos (α ζ) sin [(1− PRS)α]
α3
)
α−2
+
(
1
2
(1− PRS) ζ2 − 1
6
ζ3
)
α−2 +
cos [(1− PRS)α] ζ
α4
− sin [(1− PRS)α]
α5
(8.8)
The plots in Fig. 8.8 show the normalised crack displacement (u∗) for different PRS
values, when the flaring modulus is not taken into account. The outflow length L
here is assumed to be three times the mean pipe diameter and the plots (a), (b)
and (c), correspond to Eq. 8.8 accordingly.
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Figure 8.8: Analytical Solution for (a)PRS=0.2, (b)PRS=0.5 and (c)PRS=0.8
and different dimensionless speeds α=1-4
The analytical solution shows that as PRS increases, the crack opening displace-
ment decreases rapidly with L and is reduced significantly in magnitude, while
the maximum opening is reached before ζ=1 (outflow length) for line pressures
similar to PRS. The effect of crack velocity is also suppressed at lower operating
pressures, resulting in minimal change in u∗, as the residual strains (and thus
the equivalent static pressure) are high enough to affect more the crack driving
force acting on the ruptured pipe wall. With the aid of mathematical software
packages, a numerical solution was also obtained for Eq. 8.7 when the residual
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strains were included and m 6=0. Figure 8.9 shows the effect of flaring modulus
and crack speed for PRS=0.5. Since u is the simulated crack opening of the pipe,
the negative values for ζ >1 in Fig. 8.9 have no physical meaning and should not
be taken into account. They do however show the pipe wall’s tendency to rapidly
close by bending the crack opening solution downwards (for outflow length values
0.9< ζ <1) with the addition of the residual strains.
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Figure 8.9: Numerical Solution for PRS=0.5, α=1, 4 and m= 10-30
However, the increased strain energy stored in the pipe wall must also be accounted
for, by reducing the relaxed wall radius from the initial radius to the relaxed value.
When the pipe circumference is cut by a crack the circumference will deform as if
subject to a constant, uniform bending moment around the line of the cut. If the
fracture surfaces were not in contact, the pipe diameter would decrease eventually
by simple bending to a fully relaxed value Dres∞, where:
1
Dres∞
=
1
D
+
es∞
t
(8.9)
A sufficiently long time after a pipe of measured diameter D, wall thickness t, and
surface strain es∞, has been cut or cracked, Dres∞ can be measured and used to
characterize the recoverable residual strain energy. This simple bending generates
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a linear strain profile which, although it cancels out the residual moment, cannot
eliminate the parabolic residual strain distribution. Moreover, within the time
scale of an RCP event only a small fraction of that could be released, giving a less
reduced diameter Dres0:
1
Dres0
=
1
D
+
E∞
ED
es∞
t
=
(
1− E∞
ED
)
1
D
+
E∞
ED
1
Dres∞
(8.10)
where ED and E∞ are the dynamic and relaxed material elastic moduli. This
approach modifies PRS accordingly so as to include the normalised virtual crack
opening and would provide more accurate results in the G calculation although
the effect is focused on different parts of the analysis. The effect of circumferential
stiffness dominates the crack opening profile and closes the crack not far outside
the outflow zone, thus reducing the opening within it. Residual strains increase
the effect of ring stiffness even further, leading to a parabolic profile similar to the
one in Fig. 8.9. Unfortunately the relaxed diameter method requires the use of slit
rings as well as a characterisation of the material’s dynamic and creep modulus.
Nevertheless, the overall effect of the residual strains needs to be implemented
into the crack profile as accuratly as possible, where the actual change due to
the closing bending moment can be seen. In order to observe the effects of the
residual strains and pipe stiffness behind the crack tip, high speed photography
was employed during S4 tests.
8.3 High Speed Photography Tests
In order to measure the crack opening profile and correlate it to the basic physical
model, S4 tests on two materials were recorded using a high speed digital camera.
The equipment used was a Phantom v5.1 digital camera, 4×1 kW lights and a PC
interface. Since the expected crack speeds would vary between 100-200 m/s, the
event time would be 10-20 msec for a Ø250 SDR 11, 1.75 m long S4 specimen.
For this reason a high frame rate was chosen with an interval of 285-334 µs: 3500
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frames per second, which is more than enough to record the crack initiation and
propagation accurately.
Two specimens of 606SC026 material were tested at -2°C and two of 510SC048
at -8°C. White marks were drawn on the specimens as reference points for crack
speed measurement, while the containment cage (see Fig. 2.8) was removed for
better viewing. However, the removal of the cage constraint allows higher crack
opening at high test pressures and this may affect the crack driving force. At
higher pressures this effect was observed to induce long crack arrests. Table 8.1
shows the results obtained from the tests. Figure 8.10 shows the full length crack
Table 8.1: High Speed Camera test results
Material Temperature Pressure Crack speed Crack length
ID (°C) (bar) (m/s) (mm)
606SC026 -2 5 140 1500
606SC026 -2 7 164 745
510SC048 -8 5.16 160 1500
510SC048 -8 7.04 180 797
propagation for one of the materials, with the crack opening profile clearly visible in
the image sequence. Note that because of the test geometry in the crack initiation
zone, one diameter of pipe length behind the striker position cannot be seen. For
that reason the crack opening was measured only in the region between the middle
of the chisel end striker and the end of the specimen, i.e. the region of positive
crack length measurement during TcS4 and PcS4 determination.
Using image digitising software [155], the sequence of the recorded images was
analysed and the maximum crack opening was evaluated for the two RCP events.
The width of the striker arrestor plate was chosen as reference, where half of the
slot width is 25.4 mm. This width was then projected along the length of the pipe
(taking into account point of view effects) and the crack opening compared to it
(Fig. 8.11).
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Figure 8.10: S4 test at 5 bar and -2°C
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Figure 8.11: Image sequence analysis
Although the crack path did not remain straight and showed the sinusoidal form
seen elsewhere [19], the crack opening was carefully evaluated between the start
and finish of the crack, since both of the specimen’s ends showed minimum rotation
and opening due to the sealing cap constraint. Figures 8.10 and 8.12, show that
the crack opening has a distinctive bell-shaped profile. Although a bell-shaped
crack profile had previously been observed [13] during high speed photography
tests, it was not taken into account in the basic physical model since the model
of Leevers and Zhuang did not represent a non-pressurised region for ζ > 1. The
rapid crack closing behind the outflow zone due to pipe stiffness could also be
amplified by the effect of residual strains which tend to restore the flaring wall to
its initial position.
When the crack did not extend fully along the pipe length and arrested shortly
after initiation, the bell-shaped profile was still visible on the high speed video
captures as seen in Fig. 8.13, with the maximum crack opening occurring at a
distance between 1-1.5 diameters from the crack initiation point.
After calculation of the crack speed and crack opening, the experimental results
were compared to the original model and showed that the simulated crack profile
did not represent the experimental findings in a satisfactory manner. It seems
that the pipe stiffness and residual strains closing effect behind the crack tip
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t=0 ms t=6.33 ms t=8.66 ms
t=9.33 ms t=9.66 ms t=10.33 ms
Figure 8.12: S4 test at 5.16 bar and -8°C
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Figure 8.13: S4 test arrest at 7 bar and -2°C
affect u, G and the pressure decay length are too large to be neglected. Further
developments on the model were therefore made by introducing the residual strains
as stored strain energy prior to fracture and relaxed initial pipe diameter, as well
as modifying the boundary conditions of the problem to account for the bell-
shaped crack opening profile. For this purpose a new mathematical approach was
employed.
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8.4 Finite Differences solution method
Although the approximations of Zhuang and the analytical solution investigation
during this study are quite useful and can give an estimation of the crack opening
and driving force, experimental observation during RCP had suggested further
developments.
Greenshields [59], improved the outflow zone length calculation by using a 1-D
gas flow analysis, which led to a crack profile that resembled the one shown in
Figure 8.9 within the outflow zone. Figures 8.14-8.15 show the crack tip opening
and pressure distribution for a PE80 Ø250 SDR11 pipe at 1.25 bar and 0°C,
for the 1-D gas flow model coupled with the FV solution. However, during full
crack propagation and behind the outflow zone, the opening of the crack seems
to remain relatively constant after reaching its maximum value. Leevers also
suggested this (Fig. 8.1-8.2), by setting the appropriate boundary conditions at
the decompression point and not considering the pipe stiffness within the outflow
zone.
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The fact that the pressure remains zero after the outflow zone and up to the end of
the specimen was therefore implemented in the present model, leading to the final
applied conditions of: u(0) = u′(0) = 0, u(ζclosureL) = u′(ζclosureL) = 0 and f(ζ)=
0 for ζ>1, where ζclosure is an unknown length multiplication factor that applies
the closing effect behind the decompression length. In order to achieve a solution
for this boundary value problem, the finite difference method was applied to Eq.
8.1 for the evaluation of the crack opening displacements.
The finite difference method [156] approximates the derivatives of an equation and
plays a central role in the numerical solution of differential equations, especially
boundary value problems. The method has been employed extensively, especially
nowadays that computers are able to continuously solve large number of equations.
The central differences for the first, second and fourth derivative are given by:

f ′(x) =
−fk−1 + fk+1
2h
+O(h2)
f ′′(x) =
fk−1 − 2fk + fk+1
h2
+O(h2)
f (iυ)(x) =
fk−2 − 4fk−2 + 6fk − 4fk+1 + fk+2
h4
+O(h2)

(8.11)
where fk is the function value at the point of interest, h the spacing of each step
and O(h2) the average error. The h2 denotes that the error is proportional to
the square of the spacing, which makes the central difference quite accurate. By
substituting the set of Eq. 8.11 in Eq. 8.1 we get:
[D4 + α2D2 +m]u = Lp∗f (ζ)⇔[
f (iυ) + α2f ′′ +m
]
u = Lp∗ (1− ζ)⇒
[(fk−2 − 4fk−2 + 6fk − 4fk+1 + fk+2) + α2h2 (fk−1 − 2fk + fk+1) + h4m · fk]
+O(h2) = h4Lp∗ (1− xk)
(8.12)
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The above linear system (8.12) can then be transformed into a simple matrix
equation as M × u = V where the square matrix and vector are defined as:
V = h4Lp∗

1− x1
1− x2
...
1− xK
0
...
0

 
M =
1 !4 +" 2h2 6 ! 2" 2h2 + h4m !4 +" 2h2 1 0 0 0 … 0
0 1 !4 +" 2h2 6 ! 2" 2h2 + h4m !4 +" 2h2 1 0 0 … 0
0 0 ! ! ! ! ! ! … 0
" " 0 0 1 !4 +" 2h2 6 ! 2" 2h2 + h4m !4 +" 2h2 1 0
0 0 0 0 0 1 !4 +" 2h2 6 ! 2" 2h2 + h4m !4 +" 2h2 1
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By inverting the matrix M and multiplying it with the vector V , the output is a
vector of size (ζ/h), comprised of the normalised crack opening values. The data
extracted agree with both the analytical and the numerical integration ones. In
this way the method gained the necessary confidence to proceed with the imple-
mentation of the non pressurised zone.
There are two regions within the V vector: one represents the linearly decaying
pressure up to the decompression length, and the other contains elements set to
zero just like the pressure values (except in the case residual strains are included).
A question that quickly emerges is how to define the length of the zone after ζ=1
(effectively the evaluation of x). Running several case simulations considering
that the crack opening should always be u∗ > 0, it was proven that the most
appropriate length would again have the normalised size of unity (i.e. ζclosure=2),
making the vector size 2 × (ζ/h), and changing the end boundary conditions to
u(2L) = u′(2L) = 0. Leevers [22] has recently improved the solution by rectifying
further the closing length after ζ=1 and by imposing the condition that the crack
surfaces must come back into contact not only tangentially (u′=0) but also under
zero contact pressure (u′′=0). This allows a more precise post-outflow length
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estimation which varies between 0.8 and 3×D and leads to very similar numerical
solutions to those presented here.
Therefore using a normalised zone up to two lengths ( 0< ζ <2), the kinetic energy
as well as the crack opening would reach its maximum under the acting pressure
and then reduce rapidly as pipe stiffness and residual strains dominate (as well as
backfill in the FS configuration). Despite the above choice, one must consider that
by limiting ζclosure to 2, suggests that the outflow zone cannot extend further than
3×D, where D is the pipe diameter. This would ensure that in S4 configuration
the crack opening can occur only within 2×3=6 pipe diameters length, which is
the nominal specimen length after the initiation zone. In Full Scale tests this is
not an issue since the pipe exceeds 25 m in length.
The addition of the non-pressurised zone has a large effect on the maximum nor-
malised crack opening (Fig. 8.16 ). The external work done by the outflowing gas
is lower while the kinetic energy term decreases, since the peak extension at which
the KE is zero is reached near the end of the decompression length.
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Figure 8.16: Profile solu-
tion comparison for α=1 and
m=0,10
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Figure 8.17: Virtual crack
opening comparison for α=2
and m=0,10
Unlike Zhuang’s solution, the crack peak opening increases with crack velocity
(Fig. 8.18) while the normalised flaring modulus, m has similar or increased
negative effect on the crack opening due to the extension of the analysis behind
the outflow zone (Fig. 8.19).
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Figure 8.18: Effect of crack speed on crack opening profile
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Figure 8.19: Crack profile plots for different flaring modulus at the same speed
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Similarly to the previous solution, introducing a residual strain represented by an
external pressure PRS reduces the maximum crack opening at constant L (Fig.
8.20), and moves the point of maximum opening into the decompression length
since the effective pressure now becomes zero before the end of the initial outflow
zone (Fig. 8.7). It is also in accordance with the analytical solution and Fig. 8.9
in which PRS has a clear negative effect on the crack opening. However, when the
pipe relaxed diameter is employed, the normalised virtual crack opening u∗res has
to be subtracted from each term in the V vector, so PRS is modified as:
PRS = mu
∗
res = m
pi(D −Dres0)
Lp∗
(8.13)
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Figure 8.20: Effect of residual strains on crack opening
Reaching umax before ζ=1, consequently has a negative effect both on terms of
flaring pipe wall kinetic energy as well as on the crack driving force. G can be
expressed in terms of the rate of external work and of the internal energy densities
g per unit length of pipe wall passing the control volume through the planes in
front of (f) and behind (b) the crack as:
G ·B = dU1
da
+ [gS + gK + gSres]f − [gS + gK]b (8.14)
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where B is the crack path width, which will normally be the pipe wall thickness
t, and gS, gK and gSres are the strain, kinetic and residual strain energy densities
respectively. The external work done by pressure forces is defined as:
dU1
da
=
1
2
(2Rmean − t)
∫ L
z=0
p(z)
du
dz
dz (8.15)
where p(z) is the pressure profile, R the pipe mean radius and du/dz the crack
opening obtained from the ODE finite difference solution. Ahead of the crack
front, the internal energy of the pipe wall consists mainly of strain energy due to
pressure loading (as in the Irwin-Corten model) and strain energy due to post-
extrusion residual strains, while the kinetic energy term can be neglected. Clearly
with decreasing crack opening due to the closing bending moment (or equivalent
PRS), the U1 decreases and so the crack driving force is reduced as well. On the
other hand, by moving the point of maximum opening prior to the outflow zone
end (ζ=1), both the kinetic and strain energy terms are reduced leading to a
significant increase in G.
In order to evaluate if the new crack opening solutions were simulating RCP cor-
rectly, they were compared to the experimental ones measured by the high speed
photography. By multiplying the normalised crack opening (u∗) with the decom-
pression length and normalised pressure (Lp∗), the true crack opening can be
found. For lower crack speeds the new crack opening profile calculates the crack
opening quite well, but perhaps overestimates the outflow length, by reaching its
maximum slightly after the maximum opening is reached by the pipe specimen
(Fig. 8.21-8.22). Clearly the crack opening values simulated by the basic physical
model are lower than the experimental ones as shown in Figures 8.21 and 8.22.
The high experimental crack opening values can be attributed to the absence of
the containment cage and if we assume only radial displacements due to rotation
at the point opposite to the crack plane, without any movement of the cross section
centroid, the maximum opening would be 26.5±5 mm.
The experimental findings are in agreement with the model of Zhuang and O’Donoghue
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[70], where for a PE Ø250 SDR 11 pipe pressurised at 3.11 bar, evaluated a maxi-
mum opening of about 55 mm (considering Young’s Modulus as the main difference
factor), with the bell-shaped crack opening profile being also obvious in their anal-
ysis. The introduction of the non-pressurised zone to the present model, predicts
the crack opening profile with much higher accuracy than before, leading to a more
precise crack driving force calculation. The pipe specimens that showed RCP ar-
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Figure 8.21: Crack opening
for Ø250 SDR 11 at -2°C
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Figure 8.22: Crack opening
for Ø250 SDR 11 at -8°C
rest (attributed to the lack of the containment cage and high testing pressure),
having the crack front stopping below the 4.7 ×D limit, were also measured. Fig-
ure 8.23 compares the measured crack profile to that predicted, assuming steady
state propagation.
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Figure 8.23: Experimental arrest and theoretical propagation
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8.5 Validation of the bell-shaped crack profile
Implementing a numerical model with corrected boundary conditions has led to a
very different solution for the crack opening profile from which the crack driving
force is calculated. However, the effect of the new crack opening profile does
not alter the final values of the crack driving force for the same outflow length
values nearly as much, since the previous boundary conditions which described
the pipe deformation along with gas discharge up to ζ=1 have now been changed
to accommodate the closing effect behind the outflow length (ζ>1). Leevers [22]
initially ignored the effect of the foundation stiffness (m=0) and by setting u′′(1)
= 0 and u′′′(1) = 0 suggested that behind the crack tip the internal energy density
consisted only of strain and kinetic terms while in front of the crack it comprised
only of the Irwin-Corten component. The energy balance is still applied at ζ=1,
but now there is another strain and kinetic energy component which rises from the
negative non-constant slope of the crack opening function at this point, as well as
the residual strain energy component at ζ=0. By implementing the new boundary
conditions, suggesting that there is no crack opening at the tip and at another
point of the specimen behind the outflow length, the maximum crack opening and
external work change according to the crack velocity and the pressurising medium
discharge area.
As it can be seen from Figures 8.24 and 8.25, the dependence of G on crack veloc-
ity follows similar trends to Leevers’ original solutions at constant decompression
length. The dotted lines represented the previous solution of Zhuang, which de-
termines L as a function of crack speed using the outflow analysis of Venizelos
and Walker [61, 157]. The outflow process is transformed into an analogous tran-
sient problem of a pressurised vessel, of volume V and initial gauge pressure p1,
discharging to ambient pressure pa through an orifice of area At.
t∗disch =
Atc0
V
· tdisch = Atc0
V
L
a˙
(8.16)
Thus, through an iterative process an estimation for the outflow length L=2λR can
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be obtained, and for a PE100 Ø250 SDR 11 pipe under 5 bar pressure it reaches
a maximum value of 3.6×D and 5.1×D for the S4 and FS test respectively.
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Figure 8.24: Crack driving
force curves for S4 test
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Figure 8.25: FS test crack
driving force curves at 5 bar
However, due to computational restrictions (reaching maximum allowable matrix
and step size), the decompression length correction could not be obtained precisely
enough in the new solution, except for the cases where the convergence limits were
not as strict and the step size was about 0.2% of the normalised outflow zone ζ.
The finite difference solution in Fig. 8.24 shows an estimation for the crack driving
force with outflow length correction for PE100 at 5 bar, which projects much higher
maximum values, by about 40-80% in the range of crack speeds between 100-150
m/s than the Zhuang solution approach.
Nevertheless, in the velocity region of interest (80-120 m/s) this increase both in
terms of G and outflow zone size would lead to a solution closer to the previous
FV method of Ivankovic and Venizelos [59, 60, 158] and the FE method of Zhuang
and O’Donoghue [67, 70] with more accurate results. The increased accuracy can
be seen for constant outflow length solutions where there is only a 13% difference
between the FE model and the present analytical one: for a Ø250 SDR 11 pipe
at 2.1 bar FE calculate a maximum G of 7.5, compared to 6.6 kJ/m2 from the
present method. Also, the ratio of discharge times over pipe OD simulated by
the physical model agree with experimental results from Williams [71] which for
a Ø250 SDR 11 at 5 bar are in the region of 17-20 ms/m. The discharge time can
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be calculated from Eq. 8.16 when comparing the outflow zone length at the peak
point of G in Figure 8.24 with the respective crack speed.
Although in the S4 configuration the necessary limits of the pipe effective length
are provided, during an FS test these limits have no meaning since the pipe is 25
m long. Thus, the iteration process of finding the correct decompression length
through the discharge time and the closure length behind it, becomes essential.
The physical model does not account for a specimen of finite length, however
in order to obtain an accurate and reasonable crack profile that would simulate
RCP in S4 and FS configuration, L should be equal or less than 3 and 11.5×D
respectively for ζ=2.
As it can be seen from Fig. 8.25 the new crack driving force curve has changed
considerably, reaching a maximum around 260-270 m/s and then reducing steeply
with crack speed. Although when Zhuang’s solution was employed the outflow
lengths were similar in values in the region of 5-6×D, the higher G values could
be attributed to the tendency of the crack opening to increase with increasing crack
speed. The external work is then higher thus the closure length and foundation
modulus after p1=0 have less of an effect than in S4.
Comparing the maximum G in Fig. 8.27 obtained from the physical model for a
Ø250 SDR 11 FS test at 3.1 bar, shows a reduction in overall difference with respect
to FE method [67, 70] to only -11% difference, calculating 12.5 kJ/m2 at 255
m/s. However, as pressure increases the basic RCP model seems to overestimate
the crack driving force (Fig. 8.27) compared to the FE solution. This could be
attributed to the shorter outflow length that the FE solution employs at 5.18 bar
with L=2.0×D, while the 3.1 bar G curve uses a 3.0×D length. From Figures
8.24-8.25 it can be observed that the speeds in which the maximum crack driving
force is observed in the FS tests compared to S4 are higher. The difference in a˙
is in agreement with previous findings [60, 70] although the model predicts higher
values than the ones seen during S4 tests. For FS tests however, crack speeds of
values around 260 m/s have been previously reported [60] which is the region that
the physical model suggests Gmax occurs.
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Figure 8.26: Static and dy-
namic outflow length correc-
tion for FV and the basic RCP
models
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Figure 8.27: Comparison be-
tween FE and basic RCP model
in FS configuration
Recent simulations of RCP in FS configuration with backfill support (simulated
as increased pipe wall density by Leevers [22]) give substantially lower values
of G than those without external constraint. For a PE80 Ø250 SDR 11 with
100 mm depth of backfill at 3 bar, G has a maximum value of 3.6 kJ/m2 at
230 m/s. Compared to the FV method there is a difference of about 2 times
higher (Gmax=1.8 kJ/m
2 for the FV solution) while the first approach employing
Zhuang’s solution had about +30% difference (as presented in section 3.4.5). The
increased difference in G is in accordance with the experimental data of Ivankovic
and Venizelos [60], who reported the critical pressure in FS at 9 bar and clearly
shows the new profile’s increased G calculation precision. The trustworthiness of
the present model can be clearly seen in Figures 8.28 and 8.29 where the basic RCP
model gives similar G and outflow length results to those from the one dimensional
gas model, coupled with the FV solution, developed by Venizelos, Greenshields and
Ivankovic [59, 158] .
Both Venizelos’ model and the present one assume that the pipe wall flares by
axisymmetric expansion, but the differences in the shape of the G versus crack
speed function are significant. This can be seen in Fig. 8.26, where although the
maximum values of G for simulated S4 tests differ between the basic model and
the FV solution by only 2.5% for constant outflow length (L=4.0×D), the crack
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driving force curves show little similarity. The 1D gas dynamics model which
Venizelos used, predicts a peak Gmax at about 125 m/s, while it is around that
speed region that the physical model begins to increase with crack speed. The
physical model finally predicts a crack speed of 260 m/s that Gmax occurs whereas
at this speed the 1D gas dynamic model has reached its minimum value of crack
driving force and the simulation stops.
The simple linearly decaying pressure profile currently employed in the RCP
model, is less accurate compared to the 1D gas dynamic discharge. The present
model assumes a ‘static’ discharge in the sense that the gas begins by being static.
This assumption should work for S4, but maybe not so well for FS. In S4 the crack
speeds in which Gmax occurs are quite high compared to experimental results. Pos-
sibly the air volume fraction within the pipe which is occupied by the anvil, baﬄes,
and spacers in the S4 test (about 25% of total air volume), as well as gas constants
and temperature effects should be taken into account in further developments. In
FS configuration however, both the values of the maximum crack driving force
and crack speed are similar with a difference of -14% and -18% respectively for
the physical model.
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Figure 8.28: FV and basic
RCP model comparison for S4
configuration
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Figure 8.29: G difference in
FS test between FV and basic
RCP model
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8.5.1 Residual strain effects on G
The magnitude of residual strain in the pipe was characterised as a relaxed diam-
eter, described in section 8.2 and by Eq. 8.10, in which both the viscoelastic and
dynamic nature of PE were modeled. The effect was accounted for in the energy
balance: (a) by assuming that some of the residual strain energy stored in the pipe
wall is released during fracture and (b) by applying an external static pressure in
the outflow region which will also be active after ζ=1. For a typical Ø250 SDR 11
pipe, the final diameter after complete residual strain recovery (following the slit
ring method of 120h relaxation) reaches a minimum value Dres∞ of 227-230 mm
leading to stored strain energy of about 2.1 kJ/m2 and equivalent strains of 0.8-
1%. Implementing Eq. 8.10, the relaxed initial diameter Dres0 during RCP would
be 245 mm thus producing a virtual negative crack tip opening if the fractured
pipe walls were not in contact at the closure point.
The residual strain effect is much more obvious when a constant outflow length
is employed, leading to a clear reduction in G values. At lower speeds the kinetic
energy term is much smaller so the effect is minimum but as the crack velocity
increases along with the pipe flaring, the closing moment becomes more obvious
since it affects more the gas discharge area. Figure 8.32 shows clearly the effect
for the values of strains mentioned above, using a creep modulus of 300 MPa and
a constant decompression length of 3 in S4 configuration. Figure 8.30 shows the
reduced gas external work, due to the decrease in the acting pressure as well as
the reduced back strain energy because of a lower crack opening profile.
Figures 8.31 and 8.33 show the effect when the outflow length correction by dis-
charge time is employed. The effect is negligible at low speeds but slowly increases
with increasing crack velocity. Both the external work and kinetic energy are re-
duced leading to an average decrease in G of about 1-2 kJ/m2 at the typical RCP
speeds. As the pressure increases the effect becomes less obvious and at 5 bar it
seems not to affect the crack driving force significantly since the external work
is almost unaffected by PRS, which was also supported by the analytical solution.
The small change in G could be attributed to the small diameter change suggested,
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Figure 8.30: Residual strains
effect on energy components at
S4 5 bar (for constant λ=3)
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Figure 8.31: Effect of strains
on G energy components at 5
bar S4 (with λ correction)
since slit ring tests conducted within a couple of minutes after cutting showed a
relaxed diameter of 238-240 mm. Temperature seems not to affect the role that
residual strains play on G, since lower temperatures do not change magnitude of
the post-extrusion strains (Fig. 8.32).
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Figure 8.32: Residual strains
effect on G at 5 bar S4 (for con-
stant λ=3)
no residual strains S4 Ø250 SDR11 2 bar
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Figure 8.33: Effect of Dres∞
on G at 2 bar S4 (with λ cor-
rection)
8.6 Conclusions
Experimental observation has shown that the boundary conditions of the ana-
lytical solution for the crack opening profile employed by Leevers’ basic physical
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model of RCP did not simulate reality well enough, although the crack driving
force results were satisfactory. The extension of the solution domain beyond the
outflow zone was implemented using mathematical techniques which resulted in
the determination of the maximum G at a finite post-outflow length. The finite
length was deemed to be twice the pressurised region and high speed photography
tests showed that the simulated new crack opening agrees reasonably well with
experimental data. Further developments in the analysis have rectified the post-
outflow length and comparison of the current physical model version with previous
more complex FV or FE models, showed good agreement.
According to the revised model, residual strain in the pipe seems to reduce the
final crack driving force, as had been suggested from the outcome of the crys-
tallinity modification experiment. By assuming an initial relaxed diameter from
which pipe flaring begins and an equivalent static pressure that counteracts the
closing bending moment, seems to simulate the effect reasonably and along with
the analytical solution for Eq. 8.7, it can provide a very useful first estimation for
G(a˙).
Chapter 9
Conclusions and future work
9.1 Overview
The main objective of this study was to predict the rapid crack propagation of
pipe from the properties of the PE resin it was extruded from, and the extrusion
conditions. The subsidiary objective was to develop a methodology for develop-
ing resins with better RCP properties which would serve as a guide for material
manufacturers and pipe extruders.
In order to fulfil these aims, materials with different structural and processing
parameters were tested using various laboratory test methods, distinguishing the
two distinct fracture domains, i.e. plane strain and plane stress.
9.2 S4 Test Results
The effects of extrusion speed (production rate), melt flow index, molecular weight,
density and carbon black addition on TcS4 were investigated using S4 tests on Ø250
SDR 11 pipes. Twenty-seven different grades were tested in total with one of them
extruded at various sizes (Ø250, Ø160, Ø110, Ø63 mm). It was shown that the
S4 critical temperature increases linearly with increasing pipe wall thickness or, at
187
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constant SDR, increasing outer diameter. The constraint on small diameter pipes
(Ø63 mm) seems to make them RCP immune even at -25°C, whereas the linear
extrapolation would project a TcS4 value of about -10°C.
Resins with highMw and low MFI showed increased ductility and lower transition
temperatures in both S4 and ISO 17281 impact fracture toughness tests. Increasing
extrusion rate was found to have a marginal or slightly negative influence on S4
performance. Results on these pipe grades showed that carbon black addition leads
to poorer S4 performance, although previous researchers had found the opposite
behaviour, suggesting that a material processing factor such as masterbatch quality
or dispersion could play a more important role than anticipated.
PcS4 was found to increase with increasing testing temperature and above TcS4,
RCP cannot occur at any operating pressure. The PcS4-TcS4 curve is not defined by
only a single point having abscissa the TcS4 as previous researchers suggested, but
follows a rather hyperbolic profile which moves towards lower temperatures and
higher pressures with decreasing pipe size for the same SDR. Crystallinity seems
to have no effect on TcS4 because the same extrusion conditions used on different
resins would lead to the same cooling rates and similar crystallinity values, as DSC
tests revealed. This cannot explain the significant differences observed in PcS4 and
shows that material design parameters have stronger effects
Concluding, the S4 test is and will remain the most economical and final decisive
factor before the installation and service of a PE pipe grade. As service records
have shown, resins that pass the laboratory RCP requirement have an extremely
low probability of sustaining this failure mode during transportation, installation
or service.
9.3 Material fracture toughness
Fractured surfaces from RCP in PE shows two distinct fracture regions. Plane
strain dominates at the middle of the specimen while plane stress is observed close
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to the free surfaces. In order to understand RCP in pipes of different thicknesses,
these two modes had to be separated and studied individually.
9.3.1 Plane strain fracture
The hydrostatic S4 and high speed double torsion tests, proved to give consistent
results for the plane strain fracture toughness, G1D. They have been employed
by previous researchers, so their applicability in PE resins could be deemed trust-
worthy. Although crack speed measurement and testing below 3°C is not possible
in the hydrostatic S4 case, the alternative-the high speed double torsion test can
provide data at a wide range of temperatures and crack velocities. However, when
testing facilities are not available, the lower threshold of the plane strain resis-
tance, G1Dmin, can be evaluated from the structural parameters of the resin (Mw,
TM, ∆Hf , ρ, cp) using the adiabatic decohesion model. Results from all the above
techniques showed no significant inconsistencies, which led to the conclusion that
trust can be placed on the material modelling side as well, and that the adiabatic
decohesion model is a very useful tool.
On the other hand, the typical impact bend fracture toughness, Charpy or ISO
17281 test, calculates the crack initiation energy, Gc, which should not be used
as an alternative plane strain toughness. Nevertheless, as temperature increases
so does the ductility of the resin, thus the shear bands or ‘lips’ dominate the
fracture process and absorb enough energy to arrest the crack. Their appearance
can be monitored when the test is instrumented and an extremely useful index
like the brittle to tough transition temperature, TBT, can be obtained. Attempts
have been made to correlate this with the S4 critical temperature, but impact
speed, geometry and manufacturing process of the specimens do not adequately
represent non-symmetrically cooled extruded pipe. Although SENB specimens cut
from pipes have showed Gc values to those cut from compression-moulded plaques,
their brittle to tough transition temperatures were lower, mostly attributed to the
development of residual strains and possible processing effects.
Chapter 9. Conclusions and future work 190
9.3.2 Plane stress fracture
As S4 and FS tests have revealed, the plane stress zone shows high ductility and
deformation, suggesting the volumetric nature of the mechanisms taking place.
Although the ASTM F 2231 impact bend test gives a value of the plane stress
fracture toughness at room temperature, it remains a crack initiation and propa-
gation experiment. This approach lacks the ability to describe the aforementioned
volumetric process of fracture, which had been observed at pipe specimens even
below -20°C. This gap can be filled with a novel non standardised method, the
Reversed Charpy test. Based on the concept of the Essential Work of Fracture,
the test geometry simulates the drawing of the plane stress zone after the crack
has passed, as in a FS or S4 pipe test.
Reversed Charpy tests carried out for a range of grades, revealed a linear rela-
tionship between the plastic work dissipation and temperature. Materials with
higher molecular weight and density showed slightly higher wp values at the same
temperature, while specimens cut directly from the pipe wall presented consis-
tently higher values than compression moulded ones. This could be attributed
to the processing micro-structural characteristics of PE100 resins and perhaps to
orientation effects in the bore of the pipe.
The effect of processing conditions (through varying cooling rates) on batch scale
specimens and pipes was also investigated, in order to define the optimum con-
ditions of pipe extrusion for RCP performance. Crystalline lamella thickness de-
creases as the cooling rate increases, and the larger amorphous regions seem to
increase strain hardening, thus reducing the materials drawing ability and energy
dissipation mechanisms at high rates.
By representing each material as a Haward-Thackray model with Eyring yield
and strain-hardening processes, a satisfactory correlation between the Reversed
Charpy and tensile properties was derived, since both tests share similar defor-
mation mechanisms. The adiabatic drawing stability parameter calculated from
tensile data, βc, was compared to the plastic work dissipation energy from the RC
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test at various temperatures, enabling a future user to reduce the need for impact
testing and focus on simple tensile tests.
9.3.3 Composite fracture toughness
Having evaluated both plane strain and plane stress fracture resistances at a range
of temperatures, the composite crack resistance GD can be obtained. The effect
of the plane stress zone is much higher on GD as expected and increases with
increasing temperature. At low testing temperatures, some materials showed no
drawing in the Reverse Charpy test, leading to brittle fracture by crack extension.
This temperature suppression of the shear ‘lip’ leads to a plane strain dominated
fracture so below a certain threshold, that is unique for each material as TcS4 is,
the total crack fracture toughness remains constant, similar to the crack initiation
energy in the ISO 17281 test. Above a certain TBT temperature, the plane stress
zone starts to become more apparent and it clearly governs the fracture process
as the temperature rises. Comparing GD with the crack driving force for different
resins and pipe sizes, the S4 critical pressure and temperature can be established
for a newly developed pipe grade. Due to the extensive testing that is needed in
order to obtain enough points, a single linear fit was chosen and an estimate of the
TcS4 was calculated from batch scale sample size testing. Further on, a complete
PcS4-TcS4 curve could be extrapolated which as S4 experiments showed is more
conservative, thus it would guarantee a safe service record.
This clearly shows the applicability of the model both from the material modelling
aspect as well as from the estimate of the crack driving force.
9.4 Processing conditions effect on RCP
Current extrusion processes create pipe with inherent stored strain energy due to
residual strains. Impact initiation tests on annealed pipe specimens revealed that
when residual strains are decreased, thus lower strain energy, the final crack length
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was shorter. On the other hand pipe specimens which had their bore surface layer
melted and then quenched, showed no change in RCP behaviour when subjected
to S4 testing at their TcS4. This clearly suggests that thermal stresses can affect
RCP performance more than previously expected, similar to what was observed in
dual cooled pipes, where low residual strains reduced the PcS4 and increased the
critical temperature. In parallel, because of the stored strain energy in the pipe
wall crack initiation becomes easier. Once this two-fold effect is understood, the
true nature of post-processing strains can be correctly modelled.
The influence of residual strain on RCP driving force has also been modeled by
the implementation of an equivalent static pressure that counteracts the released
bending moment. This is done by introducing a new relaxed diameter that the
crack extends from, which takes into account both the dynamic nature of RCP as
well as the viscoelastic effects of PE. The relaxed diameter can be found through a
series of slit ring tests, or by using the extrusion process simulation model, which
simulates the residual strain distribution. The equivalent external pressure that is
then calculated, acts on the crack opening and reduces both the gas work as well
as the back strain energy of the flaring pipe wall, leading to lower G values.
9.5 Basic Physical RCP Model
In order to interpret differences in material properties as differences in S4 or FS
critical pressure or temperature, a fracture mechanics model of RCP is needed
which would provide an accurate estimation of the crack driving force. Previous
more complex models, have employed finite volume or finite element techniques
due to the multi-field nature of the problem. The basic physical model however,
follows a simpler, more comprehensive approach and seems to estimate the crack
driving force during an RCP event with good agreement. Initially, simulating S4
configuration without any backfill support the model did not exceed differences
of 15% and 30% to comparable FV and FE methods respectively. Furthermore,
experimental results along with material modelling showed that by using the crack
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driving force from the physical model, an estimate for the TcS4 can be made and
even a complete critical pressure-temperature curve could be extrapolated.
However, by modifying the boundary conditions, a more precise crack opening
profile can be simulated leading to an overall better prediction. The experimental
results using high speed photography seem promising and along with the imple-
mentation of the residual strain effect, the method could be used for a range of
pipe grades, temperatures and configurations. Further tests involving two high
speed cameras and DIC software could obtain a 3D crack opening and pipe strain
field which would be beneficial for further developments
Concluding, the basic physical model represents a useful, more accessible alterna-
tive to the final end user who is not familiar with computational methods. By
breaking the complicated interactions into simple components, the analysis can be
executed even with the use of a calculator and a maximum crack driving force can
be derived for both S4 and Full Scale tests.
9.6 Future Work Recommendations
The methods of calculating plane strain fracture toughness have been employed
by other researchers in the past, so further development on them could only be
carried out on the instrumentation aspects of the testing. On the other hand, the
Reversed Charpy test for the evaluation of plane stress fracture toughness still
remains under development. Post-fracture examination of the specimen surface
has been proven to be extremely beneficial in the calculation of wp, so detailed
work both on the notching and measuring of the samples as well as on the data
processing would lead to better precision and reduce scattering.
Although this study began to investigate the influence of structural parameters
and morphology on the test results, the discernment of these could not go any
further than the basic concepts and trends governing this range of materials. Fur-
ther conclusions could be derived with the use of atomic force or scanning electron
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microscopy, where the effect of processing (extrusion) as well as heat treatment
(annealing) could be studied in detail, clarifying the role of crystalline and amor-
phous region thickness.
Although crystallinity and residual strains are closely related, experiments like that
carried out here by quenching the pipe bore surface layer could disassociate their
effects on fracture. These, along with testing involving pipe specimens produced
by dual cooling and other new extrusion techniques [159], could be beneficial in
the study of RCP and set the guidelines for future pipe manufacturers.
Finally, although this study was the initial step towards a ‘test free’ RCP per-
formance prediction, further S4 and possibly FS testing, for pipe grade critical
pressure and critical temperature determination, would benefit the basic physical
RCP model and add to its accuracy and credibility.
Appendix A
Appendix
A.1 The Least Squares method approach
Equation 8.1 has no general analytical solution. We can obtain a useful solution
within 0 < ζ < 1 by neglecting the support term in m: for a linear pressure
profile f (ζ) = (1− ζ), and for boundary conditions u∗ (0) = u′∗ (0) = 0 and
u′′∗ (1) = u′′′∗ (1) = 0, this is:
u∗ =
1
α2
[
1
2
ζ2 − 1
6
ζ3 +
1
α2
(
ζ cosα− 1
α
sinα
)
+
1
α3
sin (1− ζ)α
]
. (A.1)
where u∗ is the normalised crack opening (u∗ = u/Lp∗), ζ the normalised decom-
pression length and α the normalised crack speed. Along with all other energy
components, the strain energy stored at the ‘2’ plane of Figure 3.9 can be calcu-
lated from Eq. (A.1). However, this provides only a zeroth order correction, since
the displacement at this point is only approximately determined. Zhuang derived
a more satisfactory solution v∗(ζ) to Eq. A.1 by assuming a correction factor Ψ
for the displacement solution:
u∗ = Ψ
[
1
2
ζ2 − 1
6
ζ3 +
1
α2
(
ζ cosα− 1
α
sinα
)
+
1
α3
sin (1− ζ)α
]
, (A.2)
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and using the Least Squares method to determine its form. He showed that Ψ =
ψ(α,m)/χ(α,m) where
ψ =
J1
2
− J2
6
+
m
30
+
m
α4
(
1
α
sinα− cosα
)
(A.3)
χ =J21 +
J22
3
+m2
(
1
20
+
1
252
)
+
1
2
(m
α3
)2(
1− 1
2α
sin 2α
)
− J1J2 + J1
4
m− 11
60
J2m− m
2
36
+
2
3
(m
α2
)2
+ J3 (1− cos α)− J4
(
1− 1
α
sin α
) (A.4)
and
J1 = α
2 − m
α3
sinα
J2 = α
2 − m
α2
cosα
J3 =
2m
α4
(
J1 − m
α2
)
J4 =
2m
α4
(
J2 − m
α2
)
(A.5)
Proceeding with the solution in this form yields
u′∗ = Ψ
[
ζ − 1
2
ζ2 +
1
α2
(cosα− cos (1− ζ)α)
]
(A.6)
and
u′′∗ = Ψ
[
1− ζ − 1
α
sin (1− ζ)α
]
. (A.7)
Hence at the depressurisation point ζ = 1,
u∗2 = ΨF1 (α) , (A.8)
where
F1 (α) ≡ 13 +
1
α3
(α cosα− sinα) (A.9)
which degenerates to the static solution v∗2 =
1
30
;
u′∗2 = ΨF2 (α) , (A.10)
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where
F2 (α) ≡ 1
2
− 1
α2
(1− cosα) (A.11)
which degenerates to the static solution u′∗2 =
1
24
; and u′′∗2 = 0 as specified.
A.2 Approximate solutions: a weighting factor
for ζ2&ζ3
Following the same procedure as Zhuang but focusing on the effect of the nor-
malised decompression length, ζ, a weighted multiplication factor could be used,
in case the basic RCP model user does not have access to commercial software
packages. Using the least squares method, the proposed parameter solution for ζ2
and ζ3 would be of the form:
u = L · p∗ · 1
α2
· [C · (1
2
ζ2 − 1
6
ζ3) +
1
α2
(ζ cosα− sinα
α
) +
1
α3
sin(α− αζ)] (A.12)
where
C = (28α
9m+280α11−140m·cos(α)·α7+420·α6·m·sin(α)−77m2·cos(α)·α5+105·m2·sin(α)·α4
2α7(28α2m+11m2+140α4)
+
+840·α
5·m·cos(α)−840α4·m·sin(α)−840α·m2cos(α)+840m2sin(α)−280m2·α3)
2α7(28α2m+11m2+140α4)
(A.13)
By applying Taylor series on the numerator the final parameter solution becomes:
C =
22m2α7+56m · α9+280α11−127
54
m2α9−10
3
α11m+ 2051
23760
m2α11
2α7(28α2m+ 11m2+140α4)
(A.14)
which is a function of dimensionless crack speed (α) and the flaring modulus (m).
Along with this solution, the effect of a multiplication parameter for either ζ2 or
ζ3 was also investigated, since these two variables can affect the solution more
than the rest of the terms in Eq. (A.1). In each case the approximate solution,
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according to the least squares method, would have the form of:
u∗ =
1
α2
· [K1 · ζ2 − 1
6
ζ3 +
1
α2
(ζ cosα− sinα
α
) +
1
α3
sin(α− αζ)] (A.15)
or
u∗ =
1
α2
· [1
2
ζ2 −K2 · ζ3 + 1
α2
(ζ cosα− sinα
α
) +
1
α3
sin(α− αζ)] (A.16)
The parameter expression using K1 or K2 was of similar form as C in both cases,
with K2 being the one with increased accuracy, which is defined as:
K2 =
10m2α7 + α9
(
168m+ 379
144
m2
)
+ α11
(
25m+ 840− 1519
15840
m2
)
2α7 (420α4 + 84mα2 + 5m2)
(A.17)
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